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Abstract 

This  study  analyzed  the  life  cycle  costs,  cost  of 
fires,  and  benefits  of  using  a  new  nonflammable  hydraulic 
fluid  (CTFE)  in  future  tactical  aircraft  versus  a  fire 
retardant  fluid  (Mi  1 -H-8 328 2)  currently  used  in  tactical 
aircraft.  The  study  assumed  that  future  hydraulic  systems 
will  use  8000  psi  pressure.  An  analogy  was  made  using  a 
McDonnell  Douglas  Corporation  study  as  the  basis.  This 
study  compared  Mil-H-83282  and  CTFE  at  8000  psi  showing 
weight  as  the  primary  difference.  Therefore,  this  weight 
difference,  the  fluid  price  difference,  and  the  fuel  con¬ 
sumption  of  an  F-15  were  used  to  determine  the  life  cycle 
cost  difference  between  the  two  systems.  Since  the  added 
weight  was  slight,  only  the  additional  fuel  consumption  to 
fly  the  extra  weight  was  significant.  The  added  life  cycle 
costs  for  using  CTFE  was  estimated  at  $11.4  million  in  FY87 
dol lar s . 

However,  CTFE  will  prevent  hydraulic  fires  so  an 
estimate  of  Mil-H-83282  fire  costs  was  attempted.  These 
fire  costs  were  difficult  to  accurately  determine.  The 
history  of  hydraulic  fluid  contained  primarily  fires  caused 
by  a  highly  flammable  fluid  (Mi l-H-5606)  .  Also,  early  fire 
involving  Mil-H-3  3282  included  Mil-H-8  3  28  2  mixed  with  Mi  1  -  I! 
5606.  Therefore,  only  a  limited  history  on  the  true  fire 


resistance  capabilities  of  Mil-H-83282  was  available.  Also 
the  available  history  failed  to  include  several  other  costs 
which  are  incurred  when  the  fire  occurs. 

The  differences  in  the  benefits  were  primarily  in  the 
survivability  and  capability  of  the  aircraft.  Taking  these 
differences  together  CTFE  is  slightly  better  than  Mi  l  —  II  — 
83282  in  peacetime.  This  difference  becomes  more  pronounced 
in  wartime. 

Finally,  a  sensitivity  analysis  was  conducted  on  the 
assumptions.  Based  on  these  analyses,  a  conclusion  was  made 
that  CTFE  was  a  viable  alternative  at  800C  psi .  However, 
further  research  is  needed  on  the  logistical  problems 
related  to  the  new  pressure  and  fluid.  Also,  further  study 
is  needed  on  the  effectiveness  of  Mil-H-83282  against  the 
causes  of  hydraulic  fires. 
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SYSTEMS  FOR  THE  NEXT  GENERATION  TACTICAL  AIRCRAFT 

I .  Introduction 

The  purpose  of  this  thesis  is  to  analyze  the  costs  and 
benefits  of  using  a  new  nonflammable  hydraulic  fluid  in  the 
next  generation  of  tactical  aircraft  in  comparison  to  a  fire 
retardant  or  limited  flammable  fluid  such  as  that  currently 
being  used.  In  the  past,  aircraft  fires  caused  by  flammable 
hydraulic  fluids  have  been  expensive  as  Table  1 
demonstrates . 

Table  1.  Hydraulic  Fire  Loss  History  (1967  -  1986)  (13) 
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1972 

1977 

1982 


1971 

1976 

1981 

1986 
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,  227 

54, 
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o 
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201 

,  500 

$229  , 

197 

,  288 
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been  approximately  one  million  dollars  per  incident  (unad¬ 
justed  for  inflation).  Approximately  half  of  these  fires 
occurred  on  tactical  aircraft  and  the  most  common  cause  of 
the  fires  was  due  to  hydraulic  fluid  dripping  on  to  hot 
brakes  or  other  hot  surfaces  (13). 

The  above  losses  encouraged  the  Air  Force  to  look  for  a 
nonflammable  hydraulic  fluid.  However,  the  nonflammable 
fluid  currently  being  tested  weighs  more  than  the  current 
fluids,  costs  more  than  these  fluids,  and  is  not  compatible 
with  existing  hydraulic  systems.  The  focus  of  the  current 
research  is  on  future  aircraft  since  the  cost  of  converting 
the  hydraulic  systems  of  existing  aircraft  is  quite  high. 

An  estimate  done  by  the  Materials  Laboratory  of  the  Air 
Force  Wright  Aeronautical  Laboratories  ( AFWAL)  concludes  it 
would  cost  approximately  1  million  dollars  to  convert  a  B-52 
to  use  the  currently  tested  nonflammable  hydraulic  fluid 
(30)  . 

while  the  testing  continues,  the  Air  Force  is  replacing 
on  an  attrition  basis  in  tactical  aircraft  the  hydraulic 
fluid  which  was  involved  in  the  majority  of  previous  fires, 
Mil-H-5606  (highly  flammable),  with  a  compatible  fire  retar¬ 
dant  fluid,  Mil-H-83282. 

Thus,  the  research  in  this  thesis  will  focus  on  the 
cost  and  benefits  of  using  the  nonflammable  fluid  versus  the 
current  fire  retardant  fluid. 


The  next  chapter  discusses  the  nature  of  hydraulic 
systems,  why  a  nonflammable  hydraulic  fluid  may  be  needed. 


how  the  development  has  progressed,  and  the  technology 
needed  to  implement  the  nonflammable  fluid. 

Chapter  3  examines  the  costs  and  benefits  of  using  a 
limited  flammable  versus  nonflammable  hydraulic  fluid  in  the 
next  generation  of  tactical  aircraft.  The  two  fluids  are 
compared  beginning  with  their  benefits,  followed  by  the  life 
cycle  costs  (LCC)  excluding  fires,  then  the  LCC  of  fires, 
and  then  a  summary  of  the  total  LCC  involved  in  the  decision 
on  which  fluid  to  use. 

Chapter  4  will  test  the  sensitivity  of  the  analytical 
results  developed  in  Chapter  3  to  the  conditions  of  peace¬ 
time  and  wartime  scenarios.  Also  other  major  uncertainties 
involved  in  the  analysis  will  be  examined.  Based  on  the 
foregoing,  conclusions  will  be  made  with  regard  to  the  use 
of  CTFE  and  recommendations  will  be  made  for  future 
research  . 
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II.  History  of  Advances  in  Hydraulic  Systems 

The  purpose  of  this  chapter  is  to  explain  the  nature  of 
hydraulic  systems,  why  a  nonflammable  hydraulic  fluid  may  be 
needed,  how  the  development  has  progressed,  and  the  techno¬ 
logy  needed  to  implement  the  nonflammable  fluid. 

What  is  a  Hydraulic  System? 

The  information  on  hydraulic  systems  in  this  section  is 
basud  primarily  on  information  contained  in  George  Keller's 
book  Hydraulic  System  Analysis  ( Second  Edition)  (18) . 
(Technical  terms  used  in  this  thesis  are  defined  in  the 
glossary  of  technical  terms  in  the  Appendix) . 

A  hydraulic  system  is  based  on  Pascal's  Law  of  Hydro¬ 
statics  which  states  that  pressure  applied  to  a  fluid  will 
be  transmitted  through  the  fluid  until  it  becomes  concentra¬ 
ted  in  an  area  of  least  resistance  (18).  On  aircraft, 
hydraulic  systems  are  used  to  power  essential  systems  such 
as  landing  gear  and  flight  control  systems.  Figure  1  shows 
the  type  and  location  of  hydraulic  systems  on  a  typical 
fighter  aircraft.  Each  hydraulic  system  can  be  divided  into 
four  areas:  power  input  unit,  power  distribution  system, 
control  devices  and  power  output  unit  (18).  These  four 
areas  are  discussed  in  turn: 

Powe r  Input  Unit.  The  power  input  un.t  involves  pumps 
and  accumulators.  Pumps  are  the  primary  source  of  power  in 


the  hydraulic  system.  Piston  pumps  are  usually  used  in 
high-pressured  systems  above  2500  psi.  These  pumps  allow 
the  fluid  to  enter  the  pumping  chamber  as  the  piston 
retreats  and  then  they  force  the  fluid  into  the  distribution 
system  as  the  piston  returns.  However,  if  not  properly 
designed,  a  pump  can  waste  power  or  energy  and  heat  up  the 
system  and  this  can  damage  the  fluid,  seals  and  other 
organic  material  in  the  system.  Heat  exchangers  are  used  to 
remove  the  excess  heat  from  the  system  before  damage  can 
occur  ( 18 )  . 

Accumulators  store  the  fluid  under  pressure.  If  the 
system's  pressure  decreases  below  the  level  of  the  pressure 
which  holds  the  fluid  in  the  accumulator,  then  the  fluid  is 
released  into  the  system  under  pressure.  Accumulators  also 
supply  fluid  for  temporary  demands  greater  than  the  pumps 
can  supply  (18) . 

Power  Distr ibution  System .  The  power  distribution 
system  connects  the  other  three  areas  together.  It  is  pri¬ 
marily  comprised  of  reservoirs,  tubing,  connectors,  and 
seals  ( 18)  . 

Reservoirs .  A  reservoir  provides  fluid  to  make  up 
for  system  leakage,  allows  space  for  expansion  due  to 
increases  in  temperature,  allows  gas  bubbles  to  escape  from 
the  fluid  and  allows  dirt  to  settle  to  the  bottom.  If  con¬ 
tamination  from  dirt  is  possible  or  if  high  operating  tem¬ 
peratures  (over  200°  F)  exist,  a  closed  hydraulic  system 


with  an  airless  reservoir  is  used.  The  size  of  the  reser¬ 
voir  is  based  on  weight  or  installation  requirements  (18). 

Tubing .  Weight  also  determines  the  materials  used 
for  tubing  in  hydraulic  systems.  When  weight  is  critical, 
the  design  must  address  the  effect  of  stresses  in  determin¬ 
ing  the  size  of  tubing  and  necessary  wall  thickness. 
Requirements  for  the  tubing  connectors  will  also  have  a 
bearing  on  choice  of  materials  (18). 

Connectors . 

Connectors  performs  three  tasks:  the  connector 
must  join  to  the  tubing  in  a  firm,  leakproof  manner; 
must  carry  any  loads  or  stresses  imposed  on  it  by  the 
hydraulic  system  or  by  the  tubing,  and;  must  provide  a 
seal  between  the  parts  being  joined  (18:81). 

Two  primary  groups  of  connectors  are  classified  as  either 

separable  or  permanent.  The  former  includes  at  least  one 

joint  which  can  be  removed  and  attached  easily  (18). 

Permanent  connectors  are  attached  by  welding  or 
brazing.  They  are  more  leak-free,  reliable,  smaller,  and 
lower  in  weight  than  separable  connectors.  However,  they 
require  large  capital  investment,  they  are  harder  to  inspect 
(x-rays  are  required),  and  they  are  harder  to  repair  since  a 
specialty  shop  is  needed  to  make  the  joint  (18) . 

Seals .  To  make  leak-free  connections,  a  sealing 
element  or  device  which  can  be  a  plastic,  elastomer,  gasket 
material,  soft  metal,  or  part  of  the  tubing,  is  used.  The 
efficiency  of  the  seal  depends  on  the  design  of  the  sealing 
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element.  Pressure  n  the  seal  can  either  increase  the 
effectiveness  or  cause  the  seal  to  fail  (18). 

There  are  three  types  of  seals:  static, 
dynamic  and  rotating.  Static  seals  use  a  pressure  level 
significantly  higher  than  the  system  pressure  they  must 
contain  to  seal  with  their  mating  parts.  Dynamic  seals  must 
withstand  motion  as  well  as  contain  the  systems  pressure. 
Rotating  seals  are  used  around  a  rotating  shaft.  "A  combi¬ 
nation  of  pressure  and  spring  force  causes  two  carefully 
mated  parts  to  bear  on  each  other  with  relative  rotary 
motion  and  create  a  very  fine  fit"  (18:145). 

Elastomers  are  seals  which  incorporate 
the  aspects  of  solid  materials  and  those  of  very  high 
viscosity  fluids.  Under  pressure  they  flow  and  deform 
until  internal  stresses  equal  the  external.  This  flow¬ 
ing  action  is  similar  to  the  flow  of  highly  viscous 
fluids  (18:140). 

If  the  clearance  between  the  mating  parts  is  small,  the 
elastomeric  seal  may  extrude.  As  pressures  increase  over 
1500  ps i ,  extrusion  is  unacceptable  and  backup  seals  are 
used  to  correct  the  extrusion.  The  backup  seals  reduce  the 
clearance  ( 18)  . 

Control  Devices.  Seals  connect  control  devices  tc  the 
system.  Control  devices  include  relief  valves,  pressure 
control  valves  and  flow  control  valves.  Relief  valves  are 
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usually  used  to  limit  pressure  surges  or  to  compensate  for 
failed  pump  pressure  controls.  The  basic  design  uses  a 
spring  whose  tension  provides  a  reference  to  determine  if 
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"the  valve  needs  to  open  and  allow  flow  from  the  high  pres¬ 
sure  region  to  the  low  pressure  region"  (18:78). 

Pressure  control  valves  (or  regulators)  are  used  to 
lower  the  pressure  in  a  portion  of  the  system  to  a  desired 
level.  Some  examples  of  these  valves  include:  pressure 
reducing  valve,  lack  pressure  regulators,  and  differential 
pressure  regulators  (18). 

Flow  control  valves  perform  two  primary  functions: 
they  direct  the  flow  of  fluid  from  power  generating  devices 
and  distribution  systems  to  power  transducers  and  they  use 
the  system's  pressure  to  restrict  the  fluid  flow.  Flow 
control  valves  can  be  classified  as  either  shutoff  or  modu- 
lat i ng  valves  ( 18) . 

Power  Output  Unit.  Power  output  transducers  are  the 
final  part  of  the  hydraulic  system.  This  part  consists  of 
linear  actuators  and  rotary  or  oscillating  motors.  The 
primary  hydraulic  system  motors  are  cylindrical  actuators 
which  provide  or  develop  a  straight  line  motion.  These  actu¬ 
ators  are  called  linear  actuators  (18). 

Actuators .  Actuators  can  be  balanced,  unbalanced 
or  partly  balanced  in  terms  of  fluid  used  in  extension 
versus  retraction  of  the  rod  within  the  cylinder.  Actuators 
may  be  designed  in  tandem  or  parallel  to  provide  multiple 
alternatives  for  hydraulic  systems  for  added  reliability  of 
the  overall  system.  The  tandem  design  requires  a  balanced 


actuator,  while  the  parallel  design  can  use  all  three  types 
of  balancing  in  an  actuator  (18). 

Basic  design  parameters  for  linear  actuating 
cylinders  include  the  "determination  of  the  working  area  of 
the  piston,  the  sizing  of  the  rod,  and  the  choosing  of  the 
proper  inside  diameter  and  wall  thickness  of  the  cylinder 
housing"  (18:126) . 

Motors .  The  most  common  oscillating  motor  in  an 
hydraulic  system  is  a  vane  motor.  It  is  very  compact.  The 
motor  can  have  several  vanes  which  increases  the  output 
torque  capability  (18). 

Rotary  motors  are  used  in  the  pumps  previously 
discussed.  This  type  of  motor  is  "specified  when  the  load 
must  be  continuously  rotated,  as  in  a  radar  drive,  or  where 
stroke  length  or  accuracy  requirements  preclude  the  use  of 
linear  actuators"  (18:135). 

History  of  Hydraulic  Sys terns 

The  first  airborne  hydraulic  system  was  developed  in 
1937  because  higher  performance  was  demanded  and  this 
involved  the  use  of  larger  landing  gears,  brake  systems, 
flaps,  and  bomb  doors.  The  previous  systems  which  worked 
electrically  or  pneumatically,  became  unreliable  and  danger¬ 
ous  with  this  increased  demand.  Early  hydraulic  systems  had 
a  self-contained  set  of  circuits  and  used  mineral  oil  which 
was  energized  by  engine-driven  pumps  and  controlled  by  elec¬ 
trically-operated  valves.  These  early  systems  were  able 
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to  operate  at  pressures  of  800  to  1000  psi .  In  1939,  the 
O-ring  seal  was  developed  and  this  allowed  pressures  to 
increase  to  3000  psi  (15). 

The  hydraulic  systems  on  an  aircraft  today  are  used  to 
operate  devices  which  require  high  power,  quick  action  and 
accurate  control.  The  number  of  devices  has  continually 
increased  over  the  years  and  so  has  the  amount  of  power 
required  to  operate  these  devices.  The  power  required  on 
the  F-15  is  400  horsepower  and  future  aircraft  are  projected 
to  need  at  least  800  horsepower  ( 2 7 ; 3 0 )  . 

The  needed  increase  in  power  is  caused  by  higher  aero¬ 
dynamic  loading  on  control  surfaces  which  result  from 
increased  aircraft  performance,  and  expanded  hydraulic  func¬ 
tions  which  include  engine  and  thrust  control  concepts.  As 
aircraft  designs  attempt  to  reduce  drag  and  conserve  fuel, 
and  mission  capabilities  continue  to  expand,  the  internal 
volume  or  space  available  for  subsystems  decreases.  In 
addition  a  smaller  percentage  of  weight  is  allocated  to 
hydraulic  systems.  Therefore,  since  higher  pressure  hydrau¬ 
lic  systems  exert  more  force  for  a  given  volume  (and  weight) 
of  fluid,  improvements  in  hydraulic  system  efficiency  using 
engineering  concepts  for  8000  psi  are  being  developed  (3). 

The  use  of  8000  psi  is  projected  to  reduce  the  weight 
and  volume  of  the  hydraulic  system  without  impacting  the 
reliability  of  the  system.  This  reduction  in  weight  would 
increase  the  range  or  sortie  length  of  the  aircraft  because 
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the  fuel  consumption  would  decrease.  The  reduction  in  vol¬ 
ume  would  improve  the  survivability  of  the  aircraft.  The 
maintenance  man-hours  would  be  reduced  due  to  fewer  compo¬ 
nents  and  better  technology.  Moreover,  increasing  the  pres¬ 
sure  of  hydraulic  systems  does  not  necessarily  decrease 
reliability  if  high  quality  components  are  used  ( 3 ; 1 7 ) . 

The  Need  for  a  Nonflammable  Fluid 

Hydraulic  systems  have  grown  in  usage  since  their 
introduction  to  aircraft  systems.  Hydraulic  systems  have 
proven  to  be  durable,  maintainable,  and  efficient.  These 
qualities  have  encouraged  the  extensive  use  of  these  systems 
in  all  parts  of  the  aircraft.  However,  the  proliferation  of 
hydraulic  systems  has  made  aircraft  highly  vulnerable  to 
hydraulic  fluid  fires  due  to  normal  wear  and  tear,  mainte¬ 
nance  error,  pilot  errors,  or  combat  damage  (28). 

Hydraulic  fluid  fires  have  been  a  problem  since  the 
fluid  was  first  used  in  aircraft  because  of  the  fluid's 
flammability.  The  Air  Force,  since  1965,  has  lost  an  aver¬ 
age  $14  million  a  year  (unadjusted  for  inflation)  due  to 
aircraft  damage  or  loss  related  to  hydraulic  fires  (13). 

Losses  from  hydraulic  system  fires  have  been  increased 
by  the  widespread  use  of  Mil-H-5606  which  is  a  mineral-oil 
based  fluid  and  is  highly  flammable.  The  use  of  this  fluid 
has  been  based  on  the  fact  that  its  operational  advantages 
outweigh  its  disadvantages.  However,  as  the  operating 
requirements  have  become  more  demanding  and  the  prolifera- 


tion  of  the  hydraulic  systems  in  aircraft  continues,  the 
need  for  a  nonflammable  fluid  has  grown  (28). 

Historical  Search  For  a  Nonf lammable  Hydr aul ic  Fluid 

Research  for  a  functional,  nonflammable  fluid  began  in 
the  1950's  but  these  early  fluids  could  not  meet  the  neces¬ 
sary  operational  requirements  of  the  aircraft.  Thus,  the 
military  and  commercial  aircraft  industry  accepted  some 
flammability  because  the  benefits  outweighed  the  risks  (28). 

In  the  1950's  the  commercial  aircraft  industry  "intro¬ 
duced  phosphate  ester  hydraulic  fluid  (Skydrol)  along  with 
the  required  compatible  hydraulic  systems"  (28:1).  Skydrol 
was  less  flammable  than  the  hydraulic  fluids  previously 
used.  However,  the  military  did  not  adopt  this  fluid 
because  it  was  not  compatible  with  the  hydraulic  systems  in 
the  military  aircraft  at  the  time.  Also,  the  military  felt 
that: 

the  use  of  two  incompatible  hydraulic  fluids  could  not 
be  supported  logistically  and  could  result  in  signifi¬ 
cant  problems  if  the  two  fluids  were  ever  inadvertently 
mixed  (27:1)  . 

In  the  1960's  AFWAL/MBTL  developed  Mil-H-83282,  a  hydro¬ 
carbon  hydraulic  fluid.  This  fluid  is  more  fire  resistant 
than  the  Mil-H-5606  thus  reducing  the  threat  of  fires  m 
aircraft.  The  Navy  and  the  Army  were  the  first  to  introduce 
Mil-H-83282  into  their  hydraulic  systems.  Since  its  gradual 
introduction,  the  number  of  fires  have  been  reduced.  Intro¬ 
duction  of  this  fluid  into  existing  systems  required  no 


material  or  design  changes.  In  fact,  it  has  been  added  to 
the  current  fluid,  Mil-H-5606,  on  an  attrition  basis  (28) . 
Although  Mil-H-83282  fluid  has  the  advantage  of  being  fire 
retardant,  the  Air  Force  was  reluctant  to  use  Mil-H-33282 
due  to  its  main  weakness  which  is  its  inability  to  perform 
well  at  low  temperatures  (high  viscosity  below  -45°  F) .  The 
Air  Force  finally  introduced  the  new  fluid  in  the  early 
1930's  but  Strategic  Air  Command  aircraft  and  other  aircraft 
flown  in  cold  weather  environments  were  exempted.  These 
aircraft  still  use  the  more  flammable  fluid,  Mil-H-5606. 
Thus,  the  need  for  a  nonflammable  fluid  capable  of  use  in 
cold  weather  still  remains  (28). 

Table  2  provides  a  chronological  summary  of  the  usage 
periods  for  various  hydraulic  fluids  previously  discussed. 
The  table  shows  the  movement  to  less  flammable  fluids. 

Table  2.  Chronological  List  of  Fluid  Used  (28) 

Period  Type  of  Hydraulic  Fluid  Used  by  the  Military 


1950's  Mil-H-5606  (Military-Flammable) 

1960's  Mil-H-5606  &  Mil-H-83282  (Army  &  Navy-Fire 

Re  tar den  t ) 

1 9  7  0 ' s  Mil-H-5606  (Air  Force)  &  Mil-H-8  3282  (Army  i  Navy) 


1  9 8 0 ’ s  Mi l-H-5606  (Air  Force)  &  Mil-H-8  3282  (All  Military) 


With  the  ultimate  goal  of  nonflammability  not  being 


met,  research  continued  to  try  to  develop  a  nonflammable 
fluid.  One  research  problem  was  to  develop  a  nonflammable 
fluid  to  use  in  current  hydraulic  systems.  However,  the 
current  hydraulic  systems  were  designed  for  hydrocarbon  oils 
which  are  quite  flammable.  The  nature  of  the  oils  forced 
this  approach  to  be  abandoned  after  unsuccessful  attempts  by 
AFWAL,  the  Navy,  and  the  industry  over  the  years.  There¬ 
fore,  halogenated  oils  of  several  types  which  offered  the 
desired  degree  of  fire  resistance  were  analyzed.  These 
oils,  however,  are  not  compatible  with  hydrocarbon  oils 
because  of  differences  in  their  physical  and  chemical  pro¬ 
perties  (28)  . 

Based  on  these  problems,  General  william  J.  Evans, 
the  commander  of  Air  Force  Systems  Command  (AFSC) ,  elimi¬ 
nated  the  compatibility  requirement  in  1975  so  that  a  "truly 
nonflammable  hydraulic  fluid”  system  could  be  developed  for 
future  aircraft  (31:3).  This  new  system  requires  the 
designing  of  all  components  and  compatible  seals  for  this 
nonflammable  fluid  (23). 

Development  of  a  Non f lammable  Fluid 

Ident i f icat ion  of  CTFE  Fluid.  Based  on  General 
Evans ' deci s ion ,  a  working  group  was  formed  to  develop  the 
nonflammable  hydraulic  fluid  and  related  systems.  This 
working  group  consisted  of  AFWAL ' s  Materials  Laboratory, 

Aero  Propulsion  Laboratory,  and  Flight  Dynamics  Laboratory, 


ASD's  Flight  Systems  Engineering  Directorate's  Mechanical 
Branch  and  Fuels  Systems  Branch  and  University  of  Dayton 
Research  Institute  personnel.  To  start  the  research  the 
Aero  Propulsion  Laboratory  hired  the  Boeing  Military  Air¬ 
craft  Company  "to  study  and  select  a  nonflammable  hydraulic 
fluid  for  possible  use  in  future  Air  Force  aircraft"  (31:3). 
This  study  picked  two  nonflammable  fluids  as  candidates  for 
further  study,  chlorotr i f luoroethylene  ( CTFE)  and  Freon  E6.5 
fluorinated  ether.  The  latter  was  subsequently  eliminated 
since  the  projected  price  and  investment  cost  to  produce  it 
were  unacceptable  (26). 

Determination  of  Fluid  Flammabi 1 i ty .  Carl  E.  Snyder, 
Jr.,  Arthur  A.  Krawetz,  and  Theodore  Tovrog  of  the  Materials 
Laboratory  examined  the  flammability  of  various  hydraulic 
fluids  including  the  CTFE  fluid  identified  by  Boeing 
(26;31).  Other  fluids  involved  in  the  testing  included  MIL- 
H-56C6,  MIL-H-S  3  282,  phosphate  ester  (Skydrol),  the  Navy- 
developed  silicone,  and  AFWAL-deve loped  chlorofluorocarbon. 

Aspects  of  flammability  tested  included  the 
f ol lowi ng : 

1)  Flash  and  fire  points  tests .  The  flash 
point  is  the  minimum  temperature  that  the  bulk  fluid  must 
attain  to  generate  sufficient  vapor  to  be  ignited  by  a  low- 
energy  flame  in  a  test  apparatus.  The  fire  point  is  the 
minimum  temperature  which  the  bulk  oil  must  attain  for  igni¬ 
tion  and  continued  burning  in  a  test  apparatus  (26:706). 


The  flash  point/fire  point  data  have  limited  usefulness 
because  they  are  based  entirely  upon  creation  of  vapor,  and 
are  obtained  under  highly  controlled  conditions  (1:4). 
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2)  Autogenous  Ignition  Temperature  (AIT) . 

This  temperature  is  considered  to  be  the  minimum  for  a  fluid 
to  ignite  in  a  test  apparatus  without  an  external  ignition 
source  (26:706).  "The  primary  usefulness  of  the  test  is  to 
furnish  a  relative  rating  scale,  rather  than  produce  abso¬ 
lute  values  which  can  be  directly  applied  to  problem 

solut ions"  (1:5) . 

3)  Stream  Hot-Mani fold  Ign i t ion  Temperature . 
This  test  is  considered  to  simulate  the  fire  hazard  pre¬ 
sented  when  a  fluid  comes  in  contact  with  a  heated  surface. 
This  ignition  mode  is  of  significant  importance  in  aerospace 
applications,  primarily  hot  brakes  scenarios  (26:706). 

4)  Heat  of  Combustion .  This  test  measures  the 
heat  generated  by  a  fluid  during  combustion  once  ignited  and 
is  a  significant  factor  in  the  flame  propagation  character¬ 
istics  of  a  fluid.  "The  higher  the  heat  of  combustion,  the 
greater  the  energy  released  into  the  bulk  fluid.  This 
increases  the  fluid  temperature  and  makes  it  more  easily 
ignited"  (26:706).  This  heat  can  raise  the  temperature  of  a 
fluid  to  its  flash  or  fire  point  (26:706). 

5)  Gunfire  Resistance .  This  method  consists 
of  the  shooting  of  50-caliber  armor-piercing  incendiary 
ammunition  into  partially  filled  aluminum  canisters  of  the 
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test  fluid.  Five  shots  are  fired  and  the  number  of  igni¬ 
tions  and  severity  of  the  subsequent  fires  are  reported 
(26:706-707) . 

6)  Flame  Propagation .  Flame  propagation  is  an 
exper t imental  method: 

to  determine  differences  in  flame-propagation  character¬ 
istics  of  aerospace  hydraulic  fluids.  These  differences 
can  determine  whether  an  aircraft  is  totally  lost  or 
merely  slightly  damaged  (26:707). 

Flammabi 1 i ty  Cone lus ions .  The  results  of 
these  flammability  tests  are  shown  in  Table  3.  However,  the 
authors  qualified  their  results  by  saying  that  these  tests 
were  carefully  controlled  but  extrapolation  of  the  results 
to  describe  performance  under  actual  conditions  must  be  done 
with  extreme  caution.  Nonetheless,  these  results  are  the 
only  means  available  to  assess  the  probability  of  a  success¬ 
ful  performance  (26:708). 

With  regard  to  the  flash  point  results  higher  tem¬ 
peratures  indicate  that  the  fluid  is  .  as  flammable.  As 
shown  in  Table  3,  the  currently  used  fluids  have  the  lowest 
flash  points.  In  fact,  Mil-H-5606  has  a  flash  point  within 
the  operational  temperature  range  required  for  the  next 
generation  of  aircraft  (-65°  F  to  +350°  F)  and  phosphate 
esters'  flash  points  are  just  above  the  upper  boundary  of 
the  operational  range.  These  low  flash  points  eliminated 
them  from  consideration  for  testing  as  a  nonflammable  fluids 
(5)  . 
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Table  3.  Results  of  Hydraulic  Fluid  Flammability  Testing  (26) 


Pat ime  ters  : 

Flash 

Auto 

Hot 

Combust . 

Flame 

Point 

Ign  i  t  ion 

Mani fold 

B  TU /lb 

Propagation 

Goal : 

n/a 

>1,300  F 

>1 , 70 C  F 

<5,000 

no  reaction 

Fluids 

Mi 1 -H- 560  6 

210 

435 

800 

18,100 

sustains 

Mil-H-8  3282 

435 

650 

600 

17, 700 

sustains 

Phosphate 

Esters 

360 

950 

1 ,440 

12,800 

extinguishes 

Silicone 

540 

770 

900 

9,740 

ext i ngu i shes 

CTFE 

none 

1,190 

1 , 7C0 

2,390 

no  -eaction 

None  of  the  fluids  met  the  autogenous  ignition 
goal  but  CTFE  was  the  closest.  Also  this  fluid  was  the  only 
one  which  met  the  hot  manifold  and  combustion  goals.  The 
hot  manifold  test  approximates  the  most  common  cause  of 
hydraulic  fires,  hot  brakes.  When  the  fluid  strikes  the  hot 
brakes,  a  fire  usually  starts  (26:708). 

Thus,  CTFE  was  the  overall  best  fluid  in  terms  of 
nonflammability.  The  phosphate-ester  based  fluid  used  in 
commercial  aircraft  was  next.  It  showed  excellent  ratings 
except  for  flash  and  fire  points.  However,  it  tends  to 
decompose  at  temperatures  above  180°C,  and  it  has  unique 
physical  and  chemical  properties  which  require  a  specially 
designed  hydraulic  system  and  different  materials.  Also  the 
silicone  fluid  showed  only  a  slight  improvement  over  MIL-H- 


J 


the  most  flammable,  Mil-H-5606  (26:708). 

Thus,  the  work  of  Boeing  and  the  Materials  Labora¬ 
tory  resulted  in  the  CTFE  fluid  being  selected  in  1975  as 
the  primary  candidate  by  the  working  group  for  further 
research  ( 31 : 2-3) . 


Devel  pment  of  Technology  for  CTFE 

Although  it  is  nonflammable,  CTFE  is  costly,  heavy  at 
current  system  pressures,  and  require  component  development 
To  correct  these  problems,  research  continues  in  order  to 
develop  technology  which  can  effectively  use  CTFE. 

A  chronology  of  research  areas  is  presented  in  Table  4 
As  shown,  the  research  has  been  going  on  for  many  years  and 
will  continue  far  into  the  future. 


Table  4.  Summary  of  CTFE-Related  Development 


CTFE  Fluid 


8000  psi  System 
CTFE/8000  psi  Seals 
CTFE/8000  psi  Pumps 
CTFE/8000  psi  System 


1970  to  present  and  continuing 
1966  and  continuing 
1976  and  final  report  due  in  1987 
1980  and  final  report  due  in  1987 
1980  and  continuing 


Developing  8000  PSI  Technology 

Navy  and  Roc k we  1 1  Studies.  The  idea  of  using  8000 
psi  in  a  hydraulic  system  to  reduce  the  weight  of  an  air- 
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craft  is  not  new.  The  Navy  Research  anu  Development  Center 
and  Rockwell  International  Corporation  have  been  studying 
the  use  of  8000  psi  since  1966.  Their  studies  involved  ten 
initial  phases:  the  first  phase  was  to  test  the  feasibility 
of  using  higher  pressures,  up  to  20,000  psi.  As  a  result  of 
this  testing  they  discovered  that  operating  pressures  up  to 
9000  psi  were  feasible.  The  second  phase  of  testing 
involved  using  a  mathematical  model  and  laboratory  tests  to 
"examine  trends  observed  at  lower  pressures  and  gain  operat¬ 
ing  experience  with  pressures  up  to  9000  psi"  (8:6).  The 
third  phase  was  to  verify  the  results  of  the  mathematical 
model  using  pressures  between  6000  and  9000  psi.  The  fourth 
phase  tested  hardware  performance  which  resulted  in  the 
selection  of  8000  psi  as  the  operating  pressure  level  for 
the  lightweight  hydraulic  system  (LHS)  program.  Using  8000 
psi  LHS  design  criteria  was  developed  and  analyzed  to  deter¬ 
mine  weight  and  volume  savings  in  reference  to  an  F-14.  The 
fifth  through  the  ninth  phases  involved  the  design  and  test¬ 
ing  of  8000  psi  components  in  detail.  The  tenth  and  last 
initial  phase  was  to  conduct  further  endurance  testing  on 
the  8000  psi  components  from  the  seventh  phase.  The 
researchers  felt  the  most  important  components  in  an  air¬ 
craft  hydraulic  system  are  the  pumps  and  seals.  The  last 
endurance  testing  showed  the  pump  and  seal  performance  to  be 
highly  satisfactory.  The  pump  was  modified  so  fsiture  pumps 
could  perform  better.  The  seals  were  standard,  off-the- 


shelf  materials  which  would  minimize  conversion  costs  from 
3000  to  8000  psi  (8;9)  . 


The  next  area  of  testing  involved  the  use  of  the 
A-7E  to  continue  the  LHS  development  program.  This  portion 
includes  three  phases  which  began  with  the  design  and  test¬ 
ing  of  8000  psi  components  for  the  A-7E,  followed  by  testing 
these  components  in  a  simulator,  and  ending  by  conducting 
flight  tests  of  the  components  (4)  . 

The  above  program  was  initiated  because  researchers 
predict  that  the  next  generation  of  tactical  fighters  will 
have  hydraulic  power  requirements  much  higher  than  current 
aircraft.  This  high  requirement  is  due  to  "increased  air¬ 
craft  performance,  and  expanded  hydraulic  functions  which 
include  engine  and  thrust  control  concepts"  (3:2).  The  new 
airfoil  designs  and  expansion  of  mission  capabilities  have 
reduced  the  internal  space  available  for  the  hydraulic  sys¬ 
tems.  Thus,  the  need  to  reduce  the  weight  and  size  of  the 
hydraulic  systems  (3). 

Me  Donne  1 1  Douglas  Study .  In  addition  to  the  8000 
psi  research  of  the  Navy  Research  and  Development  Center  and 
Rockwell  International  Corporation,  research  has  also  been 
conducted  by  the  McDonnell  Douglas  Corporation.  ASD  hired 
McDonnell  Douglas  Corporation  in  1981  "to  determine  the 
technology  required  to  utilize  the  CTFE  fluid  in  aircraft 
systems  with  a  minimum  weight  penalty  and  assurance  of 
acceptable  performance"  (7).  Their  final  report,  dated 
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December  1984,  stated  that  the  CTFE  weight  penalty  can  be 
corrected  by  using  3000  psi  and  other  engineering  concepts. 
As  a  result  of  using  0000  psi,  the  F-15  hydraulic  system 
fluid  volume  was  reduced  from  23  gallons  to  9.7  gallons. 

The  use  of  8000  psi  resulted  in  significant  weight  and  fuel 
savings.  Using  an  F-15C  as  a  baseline  system,  these  savings 
were  put  into  two  cost  models  (RCA  Price  and  McDonnell 
Douglas'  Advanced  Concepts  Cost  Model)  in  order  to  estimate 
the  possible  life  cycle  cost  savings  from  using  8000  psi. 
According  to  the  cost  models  estimates,  the  life  cycle  costs 
for  500  aircraft  over  15  years  can  be  reduced  oy  at  least 
$137  million  if  8000  psi  is  used  (17). 

Other  CTFE  Research .  In  order  to  use  CTFE  fluids  a 
number  of  advances  in  hydraulic  technology  are  required  in 
the  areas  of  8000  psi  pressure,  hydraulic  seals,  hydraulic 
pumps,  etc.  The  research  planned  or  in  progress  in  these 
areas  follows. 

Seal  Deve lopment  for  CTFE.  Since  1976,  the  AFKAL 
Materials  Laboratory  and  TRW,  Incorporated,  have  worked  to 
develop  material  which  is  compatible  with  the  nonflammable 
fluid.  The  early  research  had  successfully  developed  seal 
materials  for  3000  psi  and  temperature  range  from  -65°  F  to 
+275°  F.  More  recent  research  by  TRW,  according  to  Carl  E. 
Snyder,  Jr.  and  Lois  Gschwender ,  has  developed  at  least  two 


primary  candidate  seals  for  8000 
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Pump  Development .  Vickers  Incorporated  won  an  ASD 
contract  "to  develop  a  40  gallons  per  minute  8000  psi/CTFE 
fluid  pump"  (7:1)  .  McDonnell  Douglas  was  contracted  by  ASD 
"to  analyze,  design,  develop  and  demonstrate  energy  manage¬ 
ment  techniques  for  reducing  the  power  requirements  and  size 
of  aircraft  hydraulic  systems"  (7:1).  The  concepts  have 
been  identified,  components  fabricated,  and  testing  has 
started  in  all  cases,  with  satisfactory  progress  (7:1). 

Future  Development .  A  number  of  initiatives  are  pre¬ 
sently  under  way.  In  April  1987,  McDonnell  Douglas  Corpora¬ 
tion  won  a  contract  to  develop  and  demonstrate  the  feasibil¬ 
ity  of  the  8000  psi/CTFE  fluid  technology  created  during 
previous  Air  Force,  Navy  and  contractor  sponsored  programs 
for  use  in  future  aircraft.  Another  contract  will  be 
awarded  to  study  means  of  improving  mean  wear-out  times  for 
3000  psi  hydraulic  system  components.  Additionally,  a  con¬ 
tract  will  be  awarded  for  the  design  of  smaller  actuator 
systems  which  can  meet  the  requirements  of  advanced  flight 
control  concepts  (7:2). 

Summary 

The  military  has  been  looking  for  a  nonflammable 
hydraulic  fluid  since  the  Viet  Nam  War  demonstrated  the  vul¬ 
nerability  of  aircraft  to  hydraulic  fires.  This  type  of 
fires  has  continued  because  of  the  inability  to  find  a  non¬ 
flammable  fluid  which  can  be  used  in  the  current  aircraft 
without  major  retrofitting  costs.  Therefore,  the  Air  Force 
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has  decided  that  the  next  generation  of  aircraft  will  use 
the  nonflammable  hydraulic  fluid,  CTFE,  if  cost  effective. 

The  efficient  use  of  CTFE  requires  a  system  pressure  of 
8000  psi.  The  results  of  the  Navy's  research  and  the 
McDonnell  Douglas  study  show  that  8000  psi  can  save  weight 
and  life  cycle  costs  of  the  total  aircraft.  William  Bickel 
and  John  Ohlson,  authors  of  the  Navy  report,  stated  that 
high  pressure  hydraulic  systems  could  be  successfully  oper¬ 
ated  at  these  elevated  pressures  by  applying  existing  analy¬ 
tical  and  design  practices  without  major  advances  in  the 
state-of-the-art.  This  is  based  on  hardware  testing  and 
flight  testing  using  an  F-14  and  A-7E  simulator  which  exper¬ 
ienced  no  major  technical  problems  (3;4;17). 

Having  considered  the  nature  of  hydraulic  systems  and 
the  search  for  a  nonflammable  hydraulic  fluid,  the  next 
chapter  will  examine  the  relative  costs  and  benefits  of  the 
nonflammable  fluid  which  has  been  selected,  CTFE. 


ill.  An  Assessment  of  Comparative  Benefits  and  Costs 

This  chapter  examines  the  costs  and  benefits  of  using  a 
limited  flammable  versus  nonflammable  hydraulic  fluid  in  the 
next  generation  of  tactical  aircraft.  First,  the  benefits 
of  the  two  fluids  will  be  compared.  Second,  their  life 
cycle  costs  (LCC)  excluding  fires  will  be  considered. 

Third,  the  LCC  of  fires  will  be  addressed  and  finally,  the 
total  LCC  differences  will  be  summarized.  Chapter  4  will 
place  the  estimated  benefits  and  costs  in  perspective  and 
make  recommendations. 

The  Problem 

The  problem  as  discussed  in  Chapter  1  is  to  assess  the 
benefits  and  costs  of  the  nonflammable  fluid  ( CTFE )  relative 
to  those  of  the  fire  retardant  fluid  (Mil  —  H  —  8  3282)  . 

Although  the  CTFE  fluid  is  nonflammable,  it  weighs  twice  as 
much  as  Mil— II  —  8  3282 ,  costs  ten  times  as  much,  and  is  totally 
incompatible  with  the  current  hydraulic  systems. 

The  Alternatives 

1.  Use  an  hydraulic  system  with  Mi  1  -II  -  8  32  8  2  fluid  at 
3000  psi  . 

2.  Use  an  hydraulic  system  with  the  CTFE  fluid  at  8000 

ps  i  . 
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The  Assumptions 


1.  The  operating  pressure  for  the  hydraulic  system 
will  be  8000  psi  for  future  aircraft.  This  assumption  is 
based  on  a  statement  made  by  the  commander  of  AFWAL  at  a 
kickoff  meeting  of  a  new  research  contract  with  McDonnell 
Douglas  Corporation  and  statements  made  by  Naval  researchers 
on  the  same  subject  (  3 ; 2 1 )  . 

2.  Due  to  the  nonavailability  of  data  on  the  next  gen¬ 
eration  of  tactical  aircraft,  information  concerning  the 
F-15,  the  baseline  aircraft,  will  be  used  to  project  life 
cycle  costs  and  potential  benefits. 

3.  The  costs  related  to  the  use  of  8000  psi  in  the 
aircraft  hydraulic  systems  are  assumed  equal  for  both 
alternatives . 

Considerations  Wi th  Regard  to  the  Benef its  and  Costs 

Benefits.  A  benefit  is  whatever  "defense"  is  produced 
by  an  Air  Force  activity.  A  cost  is  the  money  spent  to 
produce  that  activity.  Using  these  definitions  of  benefits 
and  costs,  it  is  neither  necessary  nor  correct  to  identify 
cost  savings  as  benefits.  Cost  savings  are  explicitly  mea¬ 
sured  when  the  costs  of  one  alternative  are  compared  to 
those  of  another  . 

The  benefits  of  limited  flammable  versus  nonflam¬ 
mable  fluids  are  manifested  in  their  relative  improvements 
in  the  mission  effectiveness  of  the  aircraft.  The  mission 
effectiveness  is  demonstrated  by  the  improvement  in  the 
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aircraft's  availability,  reliability,  capability  and 
survive bility. 


Ava i lability.  Availability  is  the  percentage  of 
time  the  aircraft  is  in  service  or  available  for  service. 

As  a  result  of  using  8000  psi,  the  McDonnell  Douglas  Corpo¬ 
ration  (MCAIR)  study  on  the  F-15C  showed  between  a  15.9%  to 
18.8%  improvement  in  maintainability  based  on  a  comparison 
with  actual  data  for  an  F-15  using  calendar  year  1980  as  the 
baseline.  The  estimated  improvement  is  caused  r y  the  use  of 
a  type  of  motor  which  reduces  the  number  of  components  (IT)  . 
However,  the  normal  preventive  maintenance  of  the  aircraft 
would  remain  the  same  for  each  fluid.  This  is  because  the 
maintainability  of  an  aircraft  is  a  function  of  the  design 
and  testing  stages  of  the  acquisition  and  is  not  a  function 
of  the  fluid,  according  to  William  Bickel  of  Rockwell 
Inter nat lona 1  Corporation  and  John  Ohlson  of  the  Naval  Air 
Development  Center  (3). 

Nonetheless,  although  normal  maintenance 
would  not  be  affected  by  the  type  of  hydraulic  fluid,  the 
elimination  of  hydraulic  fires  by  using  CTFE  would  reduce 
the  time  lost  for  repairing  fire  damage.  This  reduction 
would  mean  that  the  aircraft  would  be  available  for  service 
at  a  higher  percentage  with  CTFE  versus  Mil-H-83282. 

Reliability.  Reliability  is  the  "probability  that 
a  system  or  product  will  perform  in  a  satisfactory  manner 
for  a  given  period  of  time  under  specified  operating  condi- 
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tions"  (2).  Thus,  the  elimination  of  hydraulic  fires  would 
improve  the  aircraft's  reliability  directly  and  indirectly 
based  on  reduced  damage  within  the  hydraulic  system  and 
other  subsystems  usually  affected  by  the  fires.  Also,  the 
operating  temperature  range  is  increased  slightly  on  the  low 
end  with  CTFE.  Therefore,  CTFE  would  improve  the  reliabil¬ 
ity  of  a  system  in  colder  weather. 

Capabi 1 i tv  .  The  capabilities  of  an  aircraft  are 
determined  by  its  design  and  the  installed  equipment.  Doth 
of  these  are  affected  by  the  weight  of  the  aircraft.  Since 
CTFE  weighs  more,  it  has  a  major  impact  on  the  aircraft's 
capabilities.  The  MCAIR  study  on  the  F-15  SMTD  (Short  Take¬ 
off  and  Landing  and  Maneuvering  Technology  Demonstrator) 
estimated  that  the  CTFE  system  would  weigh  from  70  to  95 
pounds  more  than  the  Mil-H-83282  system  (6).  This  weight 
equates  to  an  added  260  to  350  pounds*  in  takeoff  weight. 

The  Mil-H-83282  system  aircraft  could  use  this  added  weight 
to  carry:  added  fuel  for  greater  range,  added  armament  to 


inflict  more  damage  on  the  enemy,  added  avionics  to  increase 
its  survivability  or  detection  of  the  enemy,  etc.  The  lower 
weight  would  be  useful  in  increasing  the  speed  and  maneuver¬ 


ability  of  the  aircraft.  All  of  these  would  increase  the 


aircraft's  mission  effectiveness.  Nonetheless,  the  use  of 


This  is  based  on  the  assumption  that  one  pound  added  to  a 
subsystem  will  increase  takeoff  weight  by  3.7  pounds  due  to 
the  additional  fuel  required  to  maintain  the  same  flying 
capabi 1 i ty  ( 19)  • 
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CTFE  would  reduce  the  vulnerability  to  gunfire  and  would 
allow  the  aircraft  to  enter  higher  risk  areas  in  battle. 

Surv ivabi 1 i ty  .  The  survivability  of  the  aircraft 
is  one  of  the  most  important  attributes  of  CTFE.  It  is  the 
ability  of  the  aircraft  to  either  complete  a  mission  or 
return  to  base  with  damage  or  malfunctioning  equipment.  In 
a  wartime  environment  where  the  enemy  has  greater  numbers, 
it  is  essential  to  do  the  most  with  the  aircraft  available. 
In  fact,  the  search  for  a  nonflammable  fluid  was  driven  by 
the  large  losses  of  aircraft  and  aircrews  in  Viet  Nam. 

In  the  studies  by  Rockwell  International  Cor¬ 
poration,  the  reduction  in  the  hydraulic  system's  volume 
caused  by  using  8000  psi  resulted  in  "a  39.7%  reduction  in 
the  probability  of  kill  factor  for  the  aircraft  flight  con¬ 
trols"  (3:7).  Add  the  fact  that  the  CTFE  system  can  use 
smaller  lines  and  the  kill  factor  becomes  even  smaller. 

Mission  Effectiveness.  All  of  the  above  benefits 
are  summarized  in  Table  5.  The  nonflammability  of  CTFE 
improves  the  availability,  reliability  and  survivability  of 
the  aircraft  and  aircrews.  However,  the  magnitude  of  the 
peacetime  differences  in  benefits  attributable  to  fewer 
fires  is  small  because  the  fire  history  of  F-15s  with  the 
alternative  fluid  Mi  1— H— 8  3282  is  excellent:  in  fact  there 
have  been  only  two  fires  since  1930.  Both  fires  were  con¬ 
sidered  minor  incidents  since  the  number  of  days  lost  due  to 
fire  damage  was  small  and  there  were  no  assets  lost.  On  the 


Table  5.  Comparison  of  the  Benefits  of  CTFE  Relative  to 

Those  of  Mil-H-83282. 


Benefit 


Advantage  of  CTFE 


Ava ilability 

Time  Loss  for  Hydraulic  Fire  Damage 
Maintainability 


No  Time  Lost 
Same 


Reliability 

Hydraulic  System 
Other  Subsystems 


Better 

Better 


Capabi 1 i ty 

Speed 

Distance 

Maneuverability 

Flexibility  in  Missions 

Additional  Equipment  (i.e.  Avionics) 

Survivability 


Less 

Less 

Less 

Less 

Less 


Aircraft 

Aircrews 


Better 

Better 


negative  side,  the  added  weight  of  CTFE  reduces  the  aircraft 
capabilities,  but  only  slightly  because  the  weight  penalty 
is  minor.  The  weight  increase  attributable  to  CTFE  reflects 
only  the  weight  and  density  of  the  fluid  and  not  additional 
equipment  or  design.  The  added  takeoff  weight  is  less  than 
one  percent  of  the  total  aircraft  weight  (350  pounds  out  of 
43,200  pounds  in  gross  weight  (6)).  In  conclusion,  taking 
all  these  effects  into  consideration,  CTFE  improves  the 
overall  effectiveness  of  the  aircraft  and  its  crew. 
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Costs .  The  costs  of  the  alternatives  will  be  analyzed 
using  a  life  cycle  cost  (LCC)  format.  Life  cycle  costs 
include  research  and  development  costs,  investment  costs, 
and  operating  and  support  costs.  The  operating  and  support 
cost  impacts  of  using  a  nonflammable  fluid  are  estimated 
over  the  anticipated  15  year  operational  life  of  the  air¬ 
craft.  Since  the  actual  operational  costs  related  to  the 
use  of  8000  psi  and  CTFE  are  unknown,  many  of  the  costs  used 
in  this  analysis  were  estimated  using  the  contractor's  para¬ 
metric  cost  models,  analogies  to  present  systems,  and  expert 


opinion . 


The  costs  were  calculated  as  if  the  investment 


decision  would  be  made  in  1987  with  the  production  of  the 
aircraft  beginning  in  1987  as  well.  Therefore,  all  dollars 
are  in  current  dollars  and  future  expenditures  were  con¬ 
verted  into  current  dollars  by  the  discounting  or  present 
value  method. 

Sources  of  Life  Cycle  Cost  Information.  The  life 
cycle  cost  information  available  on  the  use  of  8000  psi  and 
the  two  fluids  was  limited  to  three  studies.  The  three 
studies  were  the  Grumman  Corporation  study  which  looked  at 
Mil-H-83282  at  3000  and  8000  psi  in  an  F-14,  a  MCAIR  study 
which  used  Mil-H-83282  at  3000  psi  and  CTFE  at  8000  psi  in 
an  F-15C,  and  a  second  MCAIR  study  which  looked  at  Mil-H- 
83282  and  CTFE  at  3000  psi  and  CTFE  at  8000  psi  in  the  F-15 
SMTD  (3; 6;  17). 


The  Gr umman  Study  (3)  .  The  Grumman  Corpora¬ 
tion  study  was  completed  in  1979.  The  Navy  selected  Grumman 
to  retrofit  an  F-14  using  an  8000  psi  hydraulic  system  to 
determine  the  weight  and  volume  improvements  from  using  the 
higher  pressure.  Grumman  began  by  establishing  the  perfor¬ 
mance  and  mission  requirements,  then  used  a  computer  program 
to  develop  an  8000  psi  aircraft  configuration.  Based  on 
this  configuration  and  in  comparison  to  the  baseline  config¬ 
uration,  the  company  estimated  weight,  volume  and  related 
LCC  savings  using  internal  proprietary  computer  programs. 

The  LCC  were  estimated  in  millions  of  1979  dollars  for  750 
aircraft  with  a  15  year  life. 

The  First  MCA I R  Study  (MCAIR-1)  (17) .  The 
Air  Force  ( AFWAL)  hired  McDonnell  Douglas  Corporation 
(MCAIR)  in  1980  to  determine  the  technology  required  to 
use  CTFE  fluid  in  aircraft  while  maintaining  acceptable  per¬ 
formance  by  keeping  the  weight  penalty  to  a  minimum  (17). 
MCAIR  used  the  RCA  Price  Cost  Model  and  McDonnell  Douglas' 
Advanced  Concepts  Cost  Model  in  its  analysis.  An  F-15C  was 
chosen  as  the  baseline  aircraft  using  the  following  ground 
rules  : 

1.  Costs  were  in  1932  millions  of  dollars. 

2.  Number  of  aircraft  used  was  500. 

3.  Software  costs  were  included. 

4.  Support  equipment  was  not  costed. 

5.  Operational  life  was  15  years. 

6.  Annual  flying  hours  per  aircraft  was  300  hours. 

7.  All  three  theatres  were  included  for  operational 
deployment . 

3.  Seven  base-intermediate  maintenance  locations  were 
figured  into  the  estimate  (17:250). 
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The  Second  MCA  I R  Study  (MCAIR-2)  (6)  .  Later 
(in  198  5)  MC AIR  selected  the  F-15  SMTD  for  a  low  energy  pro¬ 
gram  to  design  and  test  concepts  which  reduce  heat  rejection 
and  weight  in  an  8000  psi  non f lammab le  (CTFC)  hydraulic  sys¬ 
tem.  The  F-15  SMTD  was  chosen  due  to  its  assumed  similarity 
to  the  next  generation  fighter.  The  study  produced  weight 
comparisons  between  CTFE  and  Mil-H-83282  at  3000  and  between 
the  two  fluids  at  3000  psi.  The  LCC  comparisons  were 
between  Mil-H-83282  and  CTFE  at  3000  psi  and  between  3C22 
and  3000  psi  using  CTFE.  The  ground  rules  were  similar  to 
the  F-15C  study  except  the  dollar  savings  were  in  1935 
dol lars . 

How  These  Studies  Were  Used  .  The  Grumman 
study  was  used  only  for  reference  with  regard  to  the  effect 
of  using  Mil-H-83282  at  8000  psi.  It  was  also  used  as  a 
reference  for  the  MCAIR-1  study.  The  Grumman  study,  how¬ 
ever,  could  not  be  used  directly  in  this  analysis  because  of 
differences  in  aircraft  and  cost  models.  The  latter  problem 
could  not  be  resolved  due  tc  the  proprietary  nature  of  the 
cos  t  mode  Is . 

The  MCAIR-1  study  calculated  the  weight  and 
LCC  of  the  F-15C  hydraulic  system  at  3000  psi  using  Mil-H- 
83282  and  at  8000  psi  using  CTFE.  The  weight  of  the  F-15C 
aircraft  and  its  fuel  consumption  were  used  to  determine  the 
LCC  cost  of  fuel  of  the  different  alternatives  (17). 


The  MCAIR-2  study  on  the  F-15  SMTD  estimated 
the  differences  in  weights  between  an  8000  psi,  Mil-H-33282 
system  and  an  8000  psi,  CTFE  system.  This  is  the  only 
direct  comparison  done  in  any  of  the  studies.  Therefore, 
the  weight  difference  was  used  in  the  LCC  of  fuel  for  the 
CTFE  system  in  comparison  to  the  Mil-H-33282  system  (6) . 

All  the  studies  provided  information  on  the 
benefits,  weight  savings  and  LCC  savings  using  3000  psi. 
They,  also,  described  the  new  developments  needed  to  correct 
minor  concerns  in  using  8000  psi  and  CTFE. 

Life  Cycle  Costs .  Table  6  lists  the  different 
categories  concerning  aircraft  production  which  pertain  to 
this  analysis  including  a  separate  breakout  for  the  cost  of 
fires.  Since  decision  makers  need  to  be  concerned  with  only 
those  costs  which  are  impacted  by  their  decisions,  only  the 
LCC  categories  affected  by  the  decision  of  which  hydraulic 
fluid  system  to  use  will  be  addressed.  The  remaining  cate¬ 
gories  which  will  not  be  directly  addressed  are  either  sunk 
costs  or  wash  costs.  Sunk  costs  are  costs  which  are  pre¬ 
sently  unavoidable.  Wash  costs  are  costs  which  are  equal  or 
almost  equal  between  the  alternatives.  The  sunk  costs  and 
wash  costs  will  be  identified  but  will  not  be  included  in 
the  estimates  of  each  alternative. 

The  LCC  costs  of  using  a  nonflammable  fluid 
versus  a  limited  flammable  fluid  at  8000  psi  are  estimated 
on  500  aircraft  with  an  operating  life  of  15  years.  The 


TABLE  6.  USAF  AIRCRAFT  LIFE  CYCLE  COST  CATEGORIES  (16:86) 

Research  and  Development 

Investment 

System  Investment 
Support  Investment 

Support  Equipment 
Initial  Spares  &  Parts 
Faci 1 i t ies 

War  Reserve  Material 

Operat ing  and  Suppor t 

Deployed  Unit  Ops 
POL 

Fuel  Costs 
Fluid  Costs 

Below  Depot  Maintenance 
Depot  Maintenance 
Personnel  Training  &  Support 
Sustaining  Investments 


Total  of  Life  Cycle  Costs  (Exclusive  of  Fires) 


Cost  of  Fires 
Research  and  Development 
Investment 


Cost  of  New  Aircraft 
Cost  of  New  Components 
Cost  of  New  Pilots 

Operat  ing  and  Suppor  t 

Fire  Prevention 
Additional  Maintenance 
Training 

Additional  Support 
Injuries  and  Lives 


Total  Life  Cycle  Costs  of  Fires 


Grand  Total  of  Costs  Involved 


costs  are  in  1987  dollars  and  use  the  F-15C  as  the  proxy 
ai rcraf  t . 

Resear ch  and  Development  Costs .  Under  the 
research  and  development  costs  category  in  Table  6,  all  of 
the  costs  for  each  alternative  are  considered  sunk  costs 
because  most  of  the  development  and  research  expense  has 
been  either  incurred  or  is  under  contract.  For  example,  the 
Aero  Propulsion  Laboratory  has  just  recently  hired  MCAIR  to 
"develop  and  demonstrate  8000  psi  nonflammable  hydraulic 
system  technology  for  advanced  fighter  aircraft"  (21) 
including  technology  developed  from  previous  programs  using 
8000  psi.  The  completion  date  is  projected  to  be  in  1990, 
which  is  the  same  time  period  as  the  full  scale  development 
for  the  ATF  ( 21) . 

Investment  Costs .  Under  the  investment  costs 
category  and  its  sub-category  system  investment ,  both  of  the 
alternatives  would  incur  costs  based  on  the  number  of  air¬ 
craft  produced  and  costs  associated  with  the  use  of  an  3C0C 
psi  system.  However,  Alternative  2  would  have  additional 
costs  related  to  using  CTFE. 

The  MCAIR- 2  study  using  the  F-15  SMTD 
discussed  the  comparison  of  the  weights  of  Mil-H-83282  and 
CTFE  systems  at  3000  and  8000  psi.  At  8000  psi,  the  CTFE 
fluid  system  weighs  95  pounds  more  than  the  Mil-H-33282 
fluid  system  (1,693  -  1,598).  This  study  stated  that  this 
figure  could  be  reduced  to  70  pounds  if  the  system  is  opti- 


mized  for  CTFE .  This  reduction  showed  that  the  CTFE  weight 
problem  can  be  reduced  by  71  percent  (from  243  to  70  pounds) 
operating  the  hydraulic  system  at  8000  psi  instead  of  3000 
psi  (6) . 

This  weight  penalty,  in  terms  of  air¬ 
craft  purchase  cost,  is  miniscule  for  a  fleet  of  500  air¬ 
craft,  four  hundredths  of  one  percent  ( $  1 1 . 6M/$28 , 39 6M)  . 

The  initial  investment  cost  would  just  be  the  cost  of  the 
fluid.  Thus,  the  increase  in  costs  would  be  the  difference 
in  the  prices  of  the  fluids  ($100  -  $9)  multiplied  by  the 
500  aircraft  and  the  9.7  gallons  of  fluid  used  per  aircraft 
(  6 ; 1 7 )  .  The  result  of  this  equation  is  approximately 
$450,000. 

Only  certain  areas  under  suppor t 
investment  would  be  affected  by  the  choice  of  hydraulic  sys¬ 
tem.  These  costs  were  estimated  in  the  MCAIR  studies  and  in 
the.i.r  work  on  ground  support  equipment  (6;17;22).  Since  the 
choice  of  fluids  will  not  significantly  affect  these  costs 
(support  equipment,  initial  and  war  reserve  spares  and 
parts,  facilities,  and  documentation),  they  are  considered 
wash  costs. 


Operating  and  Support  Costs .  With  regard  to 
Operating  and  Support  Costs,  the  significant  differences 
between  Mil-H-83282  and  CTFE  are  in  the  categories  of 
hydraulic  fluid  costs  and  POL  (Petroleum,  Oil  and  Lubrica¬ 
tion)  costs.  Alternative  1  (Mil-H-83282)  would  require  less 


fuel  due  to  lighter  weight  of  its  hydraulic  systems  and  air¬ 
craft.  Alternative  1  would  also  use  an  hydraulic  fluid 
which  is  ten  times  cheaper  than  CTFE . 

Hydraulic  fluid  expense  is  incurred  based 
on  the  replacement  of  fluids  due  to  leaks  or  normal  repairs. 
Using  an  assumption  that  the  loss  is  10  percent  per  year, 
the  annual  cost  would  be  $45,000  more  for  Alternative  2.  To 
project  the  cost  for  the  life  of  the  aircraft  in  current 
year  dollars,  this  value  must  be  multiplied  by  a  present 
value  factor  which  uses  a  discount  rate  of  10  percent  for  15 
years  or  7.606  (20).  The  result  of  this  calculation  is  an 
estimated  present  value  cost  of  $350,000. 

The  fuel  expense  is  calculated  by  using 
the  fuel  consumption  rate  per  flying  hour  of  an  F-15C  (proxy 
aircraft)  which  is  1624  gallons,  and  then  dividing  it  by  the 
gross  weight  of  the  F-15C  listed  in  the  MCAIR-1  study, 

44,520  pounds,  in  order  to  get  the  fuel  consumption  per 
pound  per  hour.  The  result  of  this  division  (0.0365)  is 
then  multiplied  by  500  aircraft,  300  flying  hours,  the  range 
of  takeoff  weight  differences  between  the  two  systems  (260 
to  350  pounds),  the  price  per  gallon  of  jet  fuel  (JP-4, 
$.73),  and  the  same  discount  factor  (10  percent  for  15 
years,  7.606).  These  calculations  produce  a  cost  range  of 
$7.9  to  $10.6  million  in  FY  87  dollars  ( 1 0  ;  2  0 )  . 

The  maintenance  material  for  depot 
maintenance  and  below  depot  maintenance  would  include  the 


same  basic  costs  for  each  alternative.  Personnel  training 
and  support,  and  sustaining  investments  would  also  be  wash 
cost s  . 

Operating  and  Suppor  t  Costs  Summary .  The 
use  of  CTFE  would  increase  the  investment  costs  and  operat¬ 
ing  and  support  costs.  An  estimate  can  be  projected  by 
using  differences  in  the  weight  and  the  LCC  of  each  fluid 
from  the  F-15C  and  F-15  SMTD  studies  ( 6 ; 1 7 ) .  This  estimate 
is  summarized  in  Table  7. 


Table  7.  Change  in  Aircraft  System  Life  Cycle  Cost  Analysis 
as  a  Result  of  Using  CTFE  (Millions  of  FY  87  Dollars) 


Cost  Category 


CTFE  &  8000  psi 


Deve lopment 
Investment 
Operating  &  Support 
Fluid 
Fue  1 


.35 

10.60 


SUNK  COSTS 
.45 
10.95 


_ 

Total 


$11.40 


Life  Cycle  Cost  of  Fires.  The  life  cycle  cost  of 
fires  is  only  a  concern  with  the  use  of  Mil-H-83282  hydrau¬ 
lic  fluid.  Therefore,  to  determine  the  fires  which  involved 
Mil-H-83282  required  the  selection  of  an  aircraft  type  which 
used  it  on  an  100  percent  basis.  Mil-H-33282  is  currently 
only  used  in  tactical  aircraft  in  the  Ait  Force.  This  fluid 


is  used  on  an  attrition  basis  and  the  mixture  of  Mil-H-5606 


with  Mil-H-83282  reduces  the  latter's  fire  resistance. 
According  to  Technical  Order  42B2-1-3,  Fluids  for  Hydraulic 
Equipment,  dated  1  November  1986  (12),  with  only  10  percent 
of  the  fluid  being  Mil-H-5606  the  flash  point  of  the  overall 
fluid  is  reduced  from  445°  F  to  330°  F.  The  technical  order 
also  listed  the  various  aircraft  and  suggested  percentage  of 
Mil-H-3  3282  fluid: 

1.  A-10  should  use  95%  minimum  of  Mil-H-83282; 

2.  F-15  should  use  100%  Mil-H-83282; 

3.  F-16  should  use  100%  Mil-H-5606  (According  to 
HQ  TAC,  F-16' s  are  now  100%  Mil-H-33282  (25)); 

4.  A- 7 D ,  F-4,  F-5,  and  E/F-lll  should  use  90% 
minimum  of  Mil-H-83282 

According  to  a  list  of  fires  by  aircraft  (13),  the 
majority  of  the  tactical  aircraft  hydraulic  fires  occurred 
on  F-4's  and  F-16's.  Only  two  occurred  on  F-15's.  So  the 
high  cost  of  hydraulic  fires  can  be  attributed  to  Mil-H-5606 
and  the  reduction  in  hydraulic  fires  over  the  past  few  years 
to  Mil-H-83282.  Thus,  the  usefulness  of  Mil-H-83282  in  pre¬ 
venting  fires  seems  evident  but  the  savings  cannot  easily  be 
determined  in  terms  of  dollars  ( 1 3 ; 1 4 ) . 

In  order  to  estimate  the  LCC  of  a  fire,  the 
research  and  development,  investment,  and  operating  and  sup¬ 
port  costs  are  addressed.  First,  the  research  and  develop¬ 
ment  costs  are  considered  sunk  costs.  Second,  investment 
costs  were  estimated  from  the  historical  data  provided  by 
the  Air  Force  Inspection  and  Safety  Center  (AFISC)  (13) . 


Finally,  operating  and  support  costs  include  costs  which 
were  incurred  but  not  included  in  the  historical  data . 

Investment  Costs.  As  stated  earlier,  the 
total  cost  of  Mil-H-83282  fires  cannot  be  confidently  quan¬ 
tified.  The  only  dollar  costs  of  fires  available  is  the 
AFISC  historical  data  which  only  includes  estimates  of  the 
damage  or  loss,  which  are  investment  costs.  Therefore,  an 
average  cost  of  all  hydraulic  fires  involving  the  use  of 
Mil-H-83282  fluid  since  its  introduction  in  1980  will  be 
used  as  the  investment  cost  of  each  fire  attributed  to  Mil- 
H-83282.  This  calculation  include  all  classifications  of 
fire,  from  incident  to  major,  and  all  types  of  hydraulic 
fluids.  This  average  cost  is  $.5  million. 

Thus,  using  historical  data  on  the  incidence 
of  fires  in  aircraft  using  Mil-H-83282  hydraulic  fluid 
approximately  7  fires  can  be  expected  over  the  15  year  life 
of  a  fleet  of  500  aircraft  (13;14).  This  figure  times  the 
average  cost  per  fire  equals  the  estimated  investment  cost 
of  fires  when  using  Mil-H-83282,  $3.5  million  in  then  year 
dollars.  The  present  value  of  these  dollars  is  calculated 
by  using  the  average  cost  per  fire  times  the  average  occur¬ 
rence  (7/15)  times  the  discount  rate  (7.606).  The  result  of 
this  calculation  is  an  estimated  present  value  cost  of  fires 
of  $1.8  million. 

However,  there  are  other  investment  costs  not 
tracked  which  are  incurred  when  a  fire  occurs.  One  such 


investment  cost  involved  in  a  fire  is  the  replacement  of  a 
pilot  who  dies  in  a  plane  crash  caused  by  the  fire.  Assum¬ 
ing  one  pilot  will  die  over  the  life  of  the  fleet  of  air¬ 
craft,  the  cost  of  training  another  pilot  to  replace  the  one 
lost  would  be  the  investment  cost.  According  to  AFR  173-13, 
it  costs  $1.7  million  to  train  an  F-15C  pilot  (10).  In 
order  to  keep  all  costs  in  present  value  terms,  the  death  is 
assumed  to  occur  at  the  midpoint  of  the  15  year  operational 
life  of  the  aircraft.  Thus  the  present  value  of  training 
one  pilot  over  the  operational  life  of  the  aircraft  is  $.9 
million.  Therefore,  the  total  present  value  of  the  invest¬ 
ment  costs  related  to  fires  is  $2.7  million.  However, 
another  factor  which  cannot  be  calculated  is  the  lost  exper¬ 
ience  or  knowledge  of  the  dead  pilot.  This  factor  would 
make  the  investment  costs  even  higher. 

Operating  and  Support  Costs .  Under  the  oper¬ 
ating  and  support  category,  costs  related  to  fires  would 
include  additional  fire  prevention  services,  extra  work  by 
maintenance  personnel,  loss  of  training,  and  loss  of  the 
services  of  related  personnel  due  to  injuries  or  death.  The 
additional  fire  prevention  services  include  the  use  of  fire 
extinguishers  or  fire  department  equipment  and  personnel. 

The  extra  work  by  maintenance  personnel  would  involve  the 
repair  and/or  replacement  of  components.  The  fire  would 
also  require  additional  paperwork  to  be  processed.  Another 
important  cost  which  cannot  be  put  into  dollars  is  the  cost 
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of  lives  or  injuries  to  the  maintenance  crew  or  fire  crew 
when  a  fire  occurs,  as  well  as  injuries  to  the  pilot. 

Summary  of  the  Life  Cycle  Costs  of  Fires. 
Although  it  is  difficult  to  assess  all  of  the  costs  of 
fires,  the  costs  of  repairs  or  replacement  has  been  esti¬ 
mated  by  using  information  on  the  average  cost  of  fires 
since  1980.  These  costs  are  added  to  those  of  Table  7  in 
order  to  arrive  at  an  estimate  of  the  grand  total  LCC  cost 
impact  of  using  CTFE .  The  results  are  shown  in  Table  8. 


TABLE  8.  Summary  of  Changes  in  Life  Cycle  Costs  as  a  Result 
of  Using  CTFE  (in  millions  of  FY87  dollars) 


Research  and  Development 

Sunk  Costs 

Investment 

+  $  .45 

Operating  and  Support 

+  10.95 

Sub-Total  of  Life  Cycle  Costs 

+  $11.40 

Cost  of 

Fires 

Research  and  Development 

Sunk  Costs 

Investment 


Oper at  ing  and  Support 


$  2.7 

Not  Available 


Sub-Total  Life 

Cycle 

Costs  of 

Fires 

($2. 

7  +  O&S) 

Grand  Total  of 

Costs 

Involved : 

An  increase 

of 

less  than  $8.7 
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IV.  Sensitivity  Analys i s  and  Conclusions 


This  chapter  will  test  the  sensitivity  of  the  informa¬ 
tion  developed  in  Chapter  3  for  peacetime  and  wartime  scena¬ 
rios.  Also,  other  major  uncertainties  involved  in  the 
information  will  be  examined  and  conclusions  will  be  made 
with  regard  to  the  use  of  CTFE . 

Peacet ime  Env 1 ronment 

The  historical  data,  the  cost  models,  and  the  informa¬ 
tion  in  the  last  chapter  pertained  primarily  to  a  normal  or 
peacetime  environment.  The  differences  in  the  Grand  Total 
LCC  of  the  alternatives  is  estimated  to  be  not  more  than 
$8.7  million  in  FY87  dollars.  However,  the  measurement  of 
the  alternatives  cannot  be  limited  to  the  LCC  but  must 
include  the  benefits  of  each  as  well.  Table  9  will  provide 
a  guide  to  the  discussion  of  the  two  alternatives.  Each 
area  will  be  addressed  separately. 

Sensitivity  Analysis  of  Peacetime  Life  Cycle  Costs 
Estimates .  The  initial  analysis  determined  that  the  main 
cost  differences  between  CTFE  and  Mil-H-83282  are  in  weight 
and  proclivity  to  fires.  Therefore,  the  assumptions  related 
to  these  categories  crucially  affect  the  LCC  estimates. 

With  regard  to  weight,  the  MCAIR-2  study  stated  that  the 
weight  difference  using  the  two  fluids  in  an  F-15  SMTD  will 
be  between  70  and  95  pounds.  The  same  study  also  stated  the 
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Table  9.  Comparison  of  Peacetime  Differential  Costs 


Cost  Category  Alternative  1  vs  Alternative  2 

(8000  psi  &  Mi l-H-8  3  28  2)  (8000  psi  &  CTFE) 


LCC 

Cost  of 

Hydraulic  Fires 


Benef its 


Alt  2  would  cost  $11.4  million  more 


Alt  1  would  cost  at  least  $2.7  million 
more 

Alt  2  would  be  slightly  greater  than 
Alt  1 


weight  difference  was  only  caused  by  the  density  of  the 
fluids  themselves.  The  hydraulic  system  and  aircraft  design 
would  be  basically  the  same  (6).  The  assumed  weight  differ¬ 
ence  causes  an  added  present  value  cost  of  close  to  $12  mil¬ 
lion  in  fuel  for  500  aircraft  over  15  years.  That  equates 
to  approximate ly  $3200  (undiscounted)  a  year  per  aircraft, 
or  the  saving  of  less  than  one  aircraft.  If  this  value  was 
considered  an  insurance  premium  on  a  $48  million  aircraft 
(LCC),  this  would  be  acceptable.  The  use  of  CTFE  is  insur¬ 
ance  against  future  hydraulic  fires. 

The  use  of  8000  psi  has  been  assumed  in  all  the 
calculations  so  far  but  it  is  interesting  to  consider  the 
impact  the  use  of  3000  psi  would  have  on  the  results.  The 
MCA  I R- 2  study  stated  that  CTFE  weighs  an  additional  900 
pounds  in  takeoff  weight  at  3000  psi.  The  investment  costs 
would  include  any  added  structural  requirements  for  the 


additional  weight  and  the  added  cost  of  the  initial  fluid  at 
25  gallons  per  aircraft  or  an  approximate  $1.5  million. 

Using  the  same  formula  as  in  the  8000  psi  case,  the  operat¬ 
ing  and  support  costs  at  3000  psi  are  estimated  to  be  $28.3 
million  in  present  value  FY87  dollars.  The  additional  LCC 
of  using  CTFE  at  3000  psi  (excluding  fires)  in  relation  to 
Mil-H-83282  is  approximately  $30  million  in  present  value 
FY87  dollars  or  approximately  $7900  (undiscounted)  a  year 
per  aircraft. 

Life  Cycle  Cost  of  Fires .  With  regard  to  fires,  the 
estimates  of  cost  savings  based  on  the  nonflammability  of 
CTFE  are  limited  in  accuracy  by  two  weaknesses  found  in  the 
historical  data  base  on  fires. 

First,  approximately  90  percent  of  the  fires  for 
which  information  is  available  involved  Mil-H-5606  fluid 
(14),  the  most  flammable  of  the  fluids  in  use  today.  The 
remainder  of  the  fires  involved  Mil-H-83282  or  a  combination 
of  Mil-H-5606  and  Mil-H-83282.  The  F-15  and  the  F-16  have 
used  Mil-H-83282  at  100  percent  only  since  1984  and  1986 
respect ive ly . 

Second,  the  estimated  costs  do  not  include  all  the 
costs  incurred  when  a  fire  occurs.  These  other  costs  would 
increase  the  total  costs  of  even  the  slightest  fire.  These 
costs  include:  additional  maintenance,  additional  fire  pro¬ 
tection  support,  additional  administrative  support,  and  loss 
of  personnel  through  injury  (temporary  loss)  or  death.  The 
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Air  Force  pays  for  all  of  these  expenses  but  they  are  not 
identified  with  each  fire  incident.  Therefore,  the  esti¬ 
mated  cost  of  fires  is  most  likely  the  minimum  of  the  costs 
involved  (13 ; 1 4) . 

Sensi tivity  of  Peacetime  Benef its  ♦  The  peacetime 
benefits  were  summarized  in  Table  5.  The  use  of  nonflam¬ 
mable  CTFE  improves  the  availability,  reliability  and  sur¬ 
vivability  of  the  aircraft  and  aircrews.  On  the  other  hand, 
its  added  weight  reduces  aircraft  capabilities  slightly. 
However,  if  CTFE  were  used  at  3000  psi  the  takeoff  weight 
would  increase  by  900  pounds  compared  to  350  pounds  at  8000 
psi  and  as  a  result  capability  might  be  significantly 
a  f  f  ected . 

Wartime  Env i ronment 

The  analysis  so  far  has  only  estimated  the  benefit  and 
cost  differences  in  peacetime.  However,  the  primary  mission 
of  the  aircraft  is  to  fight  a  war.  Therefore,  the  impact  of 
a  combat  situation  on  costs  and  benefits  needs  to  be  consi¬ 
dered.  This  analysis  will  start  with  the  LCC  excluding 
fires,  then  cover  the  cost  of  fires,  and  finish  with  the 
benef i ts . 

Sensitivity  of  Wartime  Life  Cycle  Costs .  In  a  war,  the 
differences  in  LCC  of  a  hydraulic  system  excluding  fires 
will  change  from  the  peacetime  cost  because  the  operating 
and  support  costs  would  include  the  added  fuel  consumption 
based  on  additional  flying  hours  and  added  hydraulic  fluid 


replacement  due  to  damage  or  additional  maintenance  actions. 
The  investment  costs  unrelated  to  hydraulic  fire  damage 
would  not  change. 

Life  Cycle  Costs  of  Fires.  The  LCC  of  fires  in  a  war 
would  increase  the  cost  of  using  Mil-II-8  3282  in  relation  to 
CTFE  due  to  the  substantially  increased  probability  of  an 
hydraulic  fire.  Currently,  a  hydraulic  fire  occurs  due  to 
mechanical  failure.  In  a  battle,  hydraulic  fluid  fires 
would  increase  in  the  presence  of  hostile  gunfire.  Gunfire 
can  inflict  damage  to  an  aircraft's  fuel  or  hydraulic  sys¬ 
tem.  Therefore,  the  leaks  caused  by  this  damage  can  be 
ignited  by  the  hot  surfaces  in  the  engine  bay  area  or  by  the 
gunfire  itself,  since  some  are  incendiary  devices.  The 
increase  in  costs  would  be  under  investment  and  operating 
and  support  categories. 

Investment  Costs .  The  investment  costs  would  dras¬ 
tically  increase  in  a  war.  The  number  of  aircraft  lost 
would  increase  because  aircraft  on  fire  may  either  be  aban¬ 
doned  (pilot  ejecting  from  the  aircraft),  or  land  in  enemy 
territory.  The  number  of  pilots  lost  would  increase  due  to 
death  and  to  capture  when  landing  in  enemy  territory. 

Operating  and  Suppor  t  Costs .  The  operating  and  sup¬ 
port  costs  related  to  fires  would  require  the  replacement  of 
components  more  frequently  than  normal  maintenance. 

However,  the  supply  of  components  in  a  war  would  be  limited. 
Once  the  initial  supply  is  exhausted,  resupply  may  take  val- 
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uable  time.  Therefore,  the  aircraft  will  either  have  to 
wait  for  parts  or  other  damaged  aircraft  will  have  to  be 
cannibalized  to  keep  as  many  aircraft  flying  as  possible. 

Both  of  these  actions  reduce  the  number  of  assets  available 
to  fly  and  fight  the  war. 

Maintenance  and  repair  actions  related  to  hydrau¬ 
lic  fire  damage  would  also  increase  the  possibility  of  main¬ 
tenance  errors  caused  by  the  increased  activity  involved  in  a 
war.  Errors  such  as  not  tightening  a  bolt  properly  are  one 
of  the  common  causes  of  fires  in  the  past  (13; 14) .  The  war 
atmosphere  would  probably  increase  this  type  of  fire. 

The  Benef its .  The  peacetime  benefits  comparison  esti¬ 
mated  the  differences  between  the  fluids  to  be  slight. 
However,  in  a  wartime  scenario,  the  benefits  of  using  a 
nonflammable  fluid  such  as  CTFE  could  be  of  great  signifi¬ 
cance.  As  stated  before,  the  main  benefits  involved  in  the 
decision  on  which  hydraulic  fluid  to  use  are  availability, 
reliability,  capability  and  survivability. 

Availability.  The  availability  of  aircraft  would 
be  critical.  The  use  of  CTFE  would  eliminate  the  logistical 
and  operational  problems  related  to  hydraulic  fires.  The 

need  for  cannibalization  and  additional  maintenance  actions 
would  be  greatly  reduced. 

Reliability.  The  reduction  in  maintenance  actions 
will  also  improve  the  reliability  of  the  system.  The  main¬ 
tenance  personnel  will  have  the  necessary  time  to  prevent 


mistakes.  Also,  the  equipment  will  follow  its  normal  wear 
cycle  without  the  interference  of  the  maintenance  crews 
tearing  down  an  aircraft  to  keep  another  aircraft  flying. 

Capability.  The  weight  of  CTFE  would  slightly 
impair  aircraft  capabilities  by  limiting  the  amount  of 
equipment  and/or  munitions  which  could  be  carried.  On  the 
other  hand,  the  increased  availability  of  aircraft  and  the 
increased  probability  that  the  aircraft  will  return  safely 
will  improve  the  battle  capabilities  of  military  aviation  as 
a  whole.  For  example,  a  battle  plan  which  requires  air  sup¬ 
port  in  several  locations  at  once  may  have  to  wait  until  the 
necessary  aircraft  are  available  although  the  need  to  imple¬ 
ment  this  plan  is  time  critical.  Thus,  the  war  could  be 
lost  due  to  the  delay. 

Survivabi 1 ity  .  The  survivability  benefit  of  CTFE 
is  attributable  to  the  prevention  of  fires  caused  by  gunfire 
and  leaks.  This  prevention  could  allow  a  pilot  to  land  a 
damaged  aircraft  in  friendly  territory,  saving  the  pilot  and 
aircraft  so  that  they  may  tight  again.  The  saving  of  these 
assets  can  improve  the  chances  of  winning  a  crucial  battle 
or  the  entire  war. 

Add  1 1 lona 1  Sensitivity  Factor  s 

Any  research  of  this  kind  involves  some  uncertainties 
and  these  uncertainties  must  be  considered  in  order  to 
appreciate  the  sensitivity  of  this  analytical  results.  Some 
of  the  major  uncertainties  involved  in  the  analysis  are  the 


price  of  fuel,  the  fluid  replacement  rate,  the  discount 
rate,  and  hydraulic  pressure.  The  LCC  discussed  in  the 
following  areas  pertains  to  the  present  value  cost  of  Grand 
Total  LCC  assuming  a  discount  rate  of  10  percent  unless 
otherwise  stated. 

Price  of  Fuel .  The  price  of  fuel  is  currently  73  cents 
a  gallon;  however,  the  price  was  93  cents  in  1985  (10).  At 
93  cents,  the  additional  Grand  Total  LCC  with  the  use  of 
CTFE  would  increase  from  $8.7  million  to  $11.6  million  at 
8000  psi .  At  $1.25  a  gallon  (arbitrarily  selected)  the  addi¬ 
tional  LCC  is  $16.3  million  at  8000  psi. 

Fluid  Replacement  Rate .  The  calculations  have  assumed 
a  10  percent  replacement  of  hydraulic  fluid  per  aircraft  per 
year.  To  test  this  assumption  for  sensitivity,  20  percent 
and  0  percent  were  chosen.  At  8000  psi  the  Grand  Total  LCC 
cost  would  increase  from  $8.7  to  $9.05  million  at  20  percent 
and  decrease  to  $8.35  million  at  0  percent.  Therefore,  the 
fluid  replacement  rate  is  relatively  unimportant. 

Discount  Rate .  The  discount  rate  used  in  all  the  fore¬ 
going  calculations  is  10  percent  based  on  AFP  178-8  (11). 
However,  to  test  the  sensitivity  of  the  results  to  this  dis¬ 
count  rate,  two  other  discount  rates  are  considered: 

Assuming  a  5  percent  discount  rate  the  present  value  cost  of 
Grand  Total  LCC  for  8000  psi  increases  from  $8.7  million  to 
$13  million;  assuming  a  15  percent  rate  the  Grand  Total  LCC 
decreases  from  $8.7  million  to  $6  million. 
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Hydr au  1  ic  Pressure .  As  stated  earlier,  the  assumed 
pressure  for  future  hydraulic  systems  is  8000  psi,  but  the 
current  pressure  of  tactical  aircraft  is  3000  psi.  Table  10 
shows  the  possible  changes  in  the  Grand  Total  present  value 
LCC  with  regard  to  the  use  of  CTFE  in  fighter  aircraft  at 
these  two  different  pressures.  The  largest  change  is  in  the 
category  of  operating  and  support  costs.  This  change  is 


TABLE  10.  Sensitivity  of  Benefits/Costs  Estimates  to 
Hydraulic  Fluid  Pressure  Attributable  to  CTFE 
(in  millions  of  FY87  dollars) 

~~  ~  3000  psi  8000  I 


§ 


Investment 

Operating  and  Support 

Sub-Total  of  Life  Cycle  Costs: 

Cost  of  Fires  (Excluding  O&S) 


+  $1.5 
+  28.3 


+  $29.8 
-  $  2.7 


.  4  5 
10.95 


+  $11.40 


-  $  2.7 


Grand  Total  of  Costs  (10%  Disc  Rate):+  $27.1 


Discount  Rates:  5% 

15% 

Price  of  Fuel:  $1.25 

.  93 


$38.0 

20.0 

46.6 

34 . 6 


$13.0 
6 . 0 

16 . 3 

11.6 


Fluid  Replacement  Rate:  20% 

0% 


27.9 
26 . 3 


9  .  C  5 
8.35 


Better 

Better 

Negative 

Better 
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caused  by  the  increase  in  the  size  of  the  system  and  the 
amount  of  fluid  needed  at  3000  psi.  This  added  fluid,  25 
gallons  versus  9.7  gallons,  increases  the  weight  impact  of 
CTFE  which  in  turn  increase  the  takeoff  weight  and  the  fuel 
consumption  of  the  aircraft.  Moreover,  the  added  weight 
further  reduces  the  capabilities  of  the  aircraft  by  further 
limiting  the  amount  of  equipment  and/or  munitions  which  the 
aircraft  could  carry. 

Worst  Case/Best  Case 

A  range  of  peacetime  costs  based  on  the  worst  and  best 
cases  of  the  variables  in  Table  10  is  provided  to  assist  the 
decision  maker.  The  worst  case  is  when  the  fuel  price  is 
$1.25  a  gallon,  the  hydraulic  fluid  annual  replacement  rate 
is  20  percent,  and  the  discount  rate  is  5  percent.  The  best 
case  is  when  the  fuel  price  is  $.73  per  gallon,  the  fluid 
replacement  rate  is  0  percent,  and  the  discount  rate  is  15 
percent.  Moreover,  the  additional  takeoff  weight  for  using 
CTFE  used  in  these  calculations  is  350  pounds  at  8000  psi 
and  900  pounds  at  3000  psi  for  both  worst  and  best  case  sit¬ 
uations.  Thus,  the  range  of  costs  at  8000  psi  is  from  $5.7 
to  $23.2  million  and  the  range  at  3000  psi  is  from  $19.3  to 
$66.2  million.  These  dollars  are  the  Grand  Total  LCC  in 
present  value  FY87  dollars.  The  benefits,  on  the  other 
hand,  remain  approximately  equal  except  the  capability  of 
aircraft  using  CTFE  will  decrease  at  3000  psi  due  to  the 
additional  weight. 
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Other  Sensitivity  Factors 

Use  o£  CTFE  Outside  the  United  States .  Since  CTFE  is 
new  to  the  aircraft  industry,  its  supply  and  demand  has  been 
limited  to  the  testing  facilities  within  the  United  States. 
However,  tactical  aircraft  are  stationed  outside  this  coun¬ 
try  and  in  a  war  might  use  forward  operating  locations  which 
will  need  to  have  CTFE  available.  Therefore,  the  use  of 
CTFE  in  the  next  generation  of  tactical  aircraft  could  pre¬ 
sent  logistical  problems  within  and  outside  the  United 
States  . 

The  largest  source  of  this  foreign  use  problem  will 
come  from  Europe  since  none  of  their  aircraft  or  airfields 
will  have  this  fluid.  To  solve  this  problem  and  that  of 
forward  operating  locations,  the  Air  Force  could  preposi¬ 
tion  supplies  at  these  locations  to  be  used  in  emergencies 
or  war.  However,  this  plan  requires  large  amounts  of  cur¬ 
rent  money  to  be  spent  in  case  of  need  in  the  future.  Also, 
the  fluid  may  not  be  able  to  be  stored  for  long  periods  of 
time  without  the  need  for  replacement. 

Cost  Mod  els.  Various  LCC  estimates  related  to  3000 
psi  and  the  two  fluids  were  available  in  defense  contrac¬ 
tors'  studies  but  those  studies  did  not  address  the  problem 
considered  in  this  thesis  directly.  Therefore,  a  number  of 
assumptions  had  to  be  made:  First,  it  was  assumed  that  the 
estimates  provided  by  these  cost  models  were  accurate.  The 
cost  models  involved  were  proprietary  and  thus  the  estimated 
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relationships  between  pressure,  weight  and  costs  are  not 
independently  verifiable.  Second,  the  cost  models  calcu¬ 
lated  the  costs  of  developing  an  8000  psi  hydraulic  system 
for  future  tactical  aircraft  assuming  that  an  F-14  and  F-15 
are  analogous  to  future  systems.  Third,  since  the  studies 
did  not  investigate  the  relationship  of  changes  in  weight  to 
changes  in  cost,  it  is  necessary  in  this  thesis  to  assume  a 
linear  relationship.  Fourth,  the  cost  models  also  assumed  a 
particular  support  operation  and  method  of  allocating  sup¬ 
port  costs  which  may  or  may  not  be  representative  of  future 
operations.  Finally,  these  studies  did  not  include  the  cost 
of  ground  support  costs  nor  any  discussion  of  fires. 

Conclusions 

The  next  generation  of  aircraft  will  involve  the  use  of 

new  technology.  The  use  of  8000  psi  is  a  perfect  example  ot 

the  technology  which  can  improve  the  capabilities  of  the  Air 

Force  directly.  Indirectly,  the  use  of  3000  psi  presents  an 

unique  opportunity  to  use  a  nonflammable  hydraulic  fluid 
like  CTFE .  The  8000  psi  pressure  reduces  the  weight  penalty 
and  LCC  of  CTFE.  Therefore,  based  upon  the  analysis  con¬ 
tained  in  this  thesis,  the  use  of  CTFE  in  future  aircraft 
seems  very  attractive.  In  comparing  the  two  hydraulic 
fluids,  cost  savings  alone  would  justify  the  use  of  CTFE 
versus  Mil-H-83282  if  one  aircraft  is  saved  from  being 
destroyed  by  fire  at  8000  psi  and  if  approximately  two  air¬ 
craft  are  saved  at  3000  psi.  However  the  real  advantage  of 
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CTFE  becomes  more  apparent  in  a  combat  situation.  The 
increase  in  survivability  attributable  tc  CTFE  could  produce 
increases  in  mission  effectiveness  which  could  be  of  much 
greater  value  than  the  cost  savings  from  fewer  fires. 
Nonetheless,  the  decision  on  which  fluid  to  use  would  bene¬ 
fit  from  a  more  complete  evaluation  of  Mil-H-33282  and  CTFE. 

In  looking  to  the  future,  a  more  complete  evaluation  on 
the  subject  of  this  thesis  can  be  accomplished  with  further 
research  on  how  well  Mil-H-83282  has  prevented  fires. 

Further  research  should  also  be  conducted  on  the  logistical 
problems  which  may  occur  using  8000  psi  and  CTFE,  as  this 
may  significantly  increase  the  costs  related  to  their  use. 


Appendix:  Glossary  of  Technical  Terms 


1.  Accumulators  store  the  fluid  under  pressure.  If  the 
system's  pressure  decreases  below  the  pressure  holding 
the  fluid  in  the  accumulator,  then  the  fluid  is  released 
into  the  system  under  pressure.  Accumulators  also 
supply  fluid  for  temporary  demands  greater  than  the 
pumps  can  supply  (18). 

2.  Actuators:  The  primary  hydraulic  system  motors  are 
cylindrical  actuators  which  provide  or  develop  a 
straight  line  motion.  These  actuators  are  called  linear 
actuators.  Actuators  can  be  balanced,  unbalanced  or 
partly  balanced  in  terms  of  fluid  used  in  extension 
versus  retraction  of  the  rod  within  the  cylinder  (18). 

3.  Autogenous  Igni t ion  Temperature  (AIT) .  This  temperature 
is  considered  to  be  the  minimum  Tor  a  fluid  to  ignite  in 
a  test  apparatus  without  an  external  ignition  source 
(26:706).  "The  primary  usefulness  of  the  test  is  to 
furnish  a  relative  rating  scale,  rather  than  produce 
absolute  values  which  can  be  directly  applied  to  problem 
solutions  (1:5)  ." 

4.  Availability  is  the  percentage  of  time  the  aircraft  is 
in  service  or  available  for  service. 

5.  Connectors  performs  three  tasks:  the  connector  must  join 
to  the  tubing  in  a  firm,  leakproof  manner;  must  carry 
any  loads  or  stresses  imposed  on  it  by  the  hydraulic 
system  or  by  the  tubing,  and;  must  provide  a  seal 
between  the  part  being  joined  (18:81)."  Two  primary 
groups  of  connectors  are  separable  and  permanent.  The- 
former  includes  at  least  one  joint  which  can  be  removed 
and  attached  easily  (18). 

6.  Control  devices  include  relief  valves,  pressure  control 
valves  and  flow  control  valves  (18) . 

7.  Elastomers  act  as  both  solid  materials  and  as  very  high 
viscosity  fluids.  Under  pressure  they  flow  and  deform 
until  internal  stresses  equal  the  external.  This 
flowing  action  is  similar  to  the  flow  of  highly  viscous 
fluids  (18). 

8.  Flow  Control  Valves  perform  two  primary  functions: 
direct  the  flow  of  fluid  from  power  generating  devices 
and  distribution  systems  to  power  transducers  and  they 
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use  the  systems  pressure  to  restrict  the  fluid  flow. 

Two  types  of  these  valves  are  shutoff  and  modulating 
valves  ( 18) . 

9.  Fire  Point  is  the  minimum  temperature  which  the  bulk  oil 
must  attain  for  ignition  and  continued  burning  in  a  test 
apparatus  (26:706). 

10.  Flame  Propagation  Test .  "This  is  an  experimental  method 
to  determine  differences  in  flame-propagation  charac¬ 
teristics  of  aerospace  hydraulic  fluids.  These  differ¬ 
ences  can  be  the  determining  factor  whether  an  aircraft 
is  totally  lost  or  merely  slightly  damaged  (26:707)." 

11.  Flash  Point  is  the  minimum  temperature  that  the  bulk 

fluid  must  attain  to  generate  sufficient  vapor  to  be 
ignited  by  a  low-energy  flame  in  a  test  apparatus. 
(26:706) 

12.  Gunf ire  Resi stance  Test .  The  method  consists  of  the 
shooting  of  50-caliber  armor-piercing  incendiary  ammuni¬ 
tion  into  partially  filled  aluminum  canisters  of  the 
test  fluid.  Five  shots  are  fired  and  the  number  of 
ignitions  and  severity  of  the  subsequent  fires  are 
reported  (26:706-707). 

13.  Halogenated  Oils  are  several  types  of  hydraulic  fluids 
which  offered  the  desired  degree  of  fire  resistance  were 
analyzed.  These  oils,  however,  are  not  compatible  with 
hydrocarbon  oils  because  of  the  differences  in  their 
physical  and  chemical  properties  (28). 

14.  Heat  Exchangers  are  used  to  remove  the  excess  heat  from 
the  system  before  damage  can  occur  (18). 

15.  Heat  of  Combustion  Test .  This  test  measures  the  heat 
generated  by  a  fluid  during  combustion  once  ignited  and 
is  a  significant  factor  in  the  flame  propagation  charac¬ 
teristics  of  a  fluid.  "The  higher  the  heat  of  combus¬ 
tion,  the  greater  the  energy  released  into  the  bulk 
fluid.  This  increases  the  fluid  temperature  and  makes 
it  more  easily  ignited  (26:706)." 

16.  Hydraulic  System :  The  system  provides  power  to  operate 
primarily  the  aircraft's  flight  controls,  as  well  as, 
other  areas.  The  system  itself  can  be  divided  into 
four  areas:  power  input  unit,  power  distribution 
system,  control  devices  and  power  output  unit  (18). 

17.  Hyd rocar bon  Oils  are  several  types  of  hydraulic  fluids 
currently  used  Tn  military  aircraft.  These  oils  include 
Mi  l-H-5606  and  the  synthethic  Mi  1-11-3  3 28 2  . 
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Power  Distribution  System  is  comprised  of  reservoirs, 
tubing,  connectors,  filters,  and  seals  (18). 

Power  Input  Unit  involves  pumps  and  accumulators  (18) . 

Power  Output  Transducers  is  the  final  part  of  the 
hydraulic  system.  This  part  consists  of  linear 
actuators,  rotary  or  oscillating  motors  (18). 

Pressure  Control  Valves  are  used  to  lower  the  pressure 
in  a  portion  of  the  system  to  a  desired  level.  Several 
types  of  pressure  control  valves  include:  pressure 
reducing  valve,  lack  pressure  regulators  and 
differential  pressure  regulators  (18). 

Pumps  are  the  primary  source  of  power  in  the  hydraulic 
system.  Piston  pumps  are  usually  used  in  high-pressured 
systems,  above  2500  psi  (18)  • 

Reliability  is  the  "probability  that  a  system  or  product 
will  perform  in  a  satisfactory  manner  for  a  given  period 
of  time  under  specified  operating  conditions  (2)." 

Relief  Valves  are  usually  used  to  limit  pressure  surges 
or  to  compensate  for  failed  pump  pressure  controls  (18). 

Reservoirs  provide  fluid  to  make  up  for  system  leakage, 
allows  space  for  expansion  due  to  increases  in 
temperature,  allows  gas  bubbles  to  escape  from  the  fluid 
and  allows  dirt  to  settle  to  the  bottom  (18). 

Seals :  There  are  three  types  of  seals:  static,  dynamic 

and  rotating.  Static  seals  use  a  pressure  level  signi¬ 
ficantly  higher  than  the  system  pressure  they  must  con¬ 
tain  to  seal  with  their  mating  parts.  Dynamic  seals  must 
withstand  motion  as  well  as  contain  the  systems  pres¬ 
sure.  Rotating  seals  are  used  around  a  rotating  shaft. 
"A  combination  of  pressure  and  spring  force  causes  two 
carefully  mated  parts  to  bear  on  each  other  with  rela¬ 
tive  rotary  motion  and  create  a  very  fine  fit  (18:145)." 

Shearing  Stress  "is  an  action  or  stress  resulting  from 
applied  forces  that  causes  or  tends  to  cause  two  conti¬ 
guous  parts  of  a  body  to  slide  relatively  to  each  other 
in  a  direction  parallel  to  their  plane  of  contact  (32) ." 

Skydrol  is  a  phosphate  ester  hydraulic  fluid  introduced 
in  the  1950’s  into  commercial  aircraft. 

Stream  Hot-Manifold  Ignition  Temperature  Test .  This 
test  is  considered  to  simulate  tne  tire  hazard  presented 
when  a  fluid  comes  in  contact  with  a  heated  surface. 


This  ignition  mode  is  of  significant  importance  in  aero¬ 
space  applications,  primarily  hot  brakes  scenarios 
(26:706) . 

30.  Surv i vabi 1 i ty .  The  survivability  of  the  aircraft  is  one 
of  the  most  important  attributes  of  CTFE.  It  is  the 
ability  of  the  aircraft  to  either  complete  a  mission  or 
return  to  base  with  damage  or  malfunctioning  equipment. 

31.  Takeoff  Weight .  The  assumption  is  for  every  pound  added 
to  a  subsystem,  the  total  takeoff  weight  of  an  aircraft 
is  increased  by  3.7  pounds  (19). 

32.  Viscosity  "is  the  property  of  a  fluid  or  semifluid  that 
enables  Ft  to  develop  and  maintain  an  amount  of  shearing 
stress  dependent  upon  the  velocity  of  the  flow  and  then 
to  offer  continued  resistance  to  the  flow  (32) .” 
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